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 Saunders, Lyndsay E. Ph.D. The University of Memphis. May 2015. The Effects 
of Root-Absorbed Glyphosate on Physiology and Growth of Select Agricultural Ditch 
Plants. Major Professor: Reza Pezeshki. 
Hundreds of thousands of hectares of agricultural lands are drained by edge-of-
field ditches that flow into surface waters. Vegetation within agricultural ditches is 
subject to the effects of agrochemicals in runoff. Glyphosate, the world’s most widely 
used herbicide, has been detected in agricultural runoff where it may interact with plant 
roots. Laboratory and greenhouse experiments were conducted to evaluate the effects of 
root-zone glyphosate exposure on plant functioning including growth, physiology, 
morphology, and survival. Investigations included identifying a sublethal concentration 
of root-zone glyphosate exposure for use in subsequent experiments, quantifying the 
physiological effects of a range of sublethal glyphosate exposures, determining the 
effects of exposure duration and repeated exposure, and exploring the effects of clonal 
plant physiological integration with respect to spatial heterogeneity of root-zone 
glyphosate exposure.   
The effects of root zone glyphosate exposure were investigated over a wide range 
of concentrations and showed, through various endpoints, dose-dependent adverse effects 
on physiology and growth of exposed plants. The effects of two important variables 
related to glyphosate exposure were studied, exposure duration and repeated applications. 
It was demonstrated that repeated applications of root zone glyphosate affected the 
physiology of plants but not growth, and exposure duration did not affect plants at all. 
Finally, the effects of physiological integration and spatial heterogeneity of root zone 
glyphosate exposure were investigated in order to explain how the effect of such 
vii 
 
exposure may depend on the root density of the exposed ramet. It was discovered that 
root-zone glyphosate exposure could alter the morphology of exposed low root density 
ramets.  
Root zone glyphosate exposure was found to adversely affect nontarget plants 
common to agricultural ditches under a range of conditions. Collectively, the data 
generated and resulting findings of these studies are novel to the literature. These findings 
have practical field applications for land managers seeking to ameliorate the effects of 
glyphosate runoff. Employing vegetated buffer strips, allowing ditch vegetation to 
persist, and promoting the growth of glyphosate-tolerant species are ways in which these 
findings may be applied. In addition, these findings promote an increased awareness that 
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Chapter 1. INTRODUCTION 
In the conterminous United States, approximately 44.6 million hectares of 
wetlands remain (Dahl 2011). This is down from a historical extent of roughly 90 million 
hectares (Dahl 1990), representing a loss of 50%. This enormous loss of wetlands and 
their associated functions and services have led to the study in recent years of agricultural 
ditches in the context of wetland ecology.  
Hundreds of thousands of hectares of agricultural lands are drained by edge-of-
field ditches that flow into canals, streams, and rivers (Bouldin et al. 2004). Agricultural 
drainage ditches share many characteristics in common with wetland ecosystems, 
including periodic inundation typical of wetland hydrology, hydric soils, and facultative 
and obligate wetland vegetation (Krӧger et al. 2009). Ditches provide ecosystem services 
such as sediment trapping, transformation of contaminants (Moore et al. 2001), and 
providing habitat for plants and animals (Janse and Van Puijenbroek 1998). 
During precipitation events, agrochemicals from farmlands are solublized and 
transported from application sites in surface runoff and, following infiltration into the 
soil, become part of the soil solution (Vereecken 2005).  Plants within drainage ditches 
are exposed to dissolved chemicals in runoff, and numerous studies have demonstrated 
that ditches are effective in pollutant mitigation (Cooper et al. 2002; Cooper et al. 2004; 
Needelman et al. 2007; Bennett et al. 2009; Kröger et al. 2009; Stehle et al. 2011; 
Tournebize et al. 2013). 
Glyphosate continues to be the most commonly used agricultural herbicide in the 
United States; however, the amounts applied have increased from 41,000-t in 2001 to 
84,000-t in 2007 (Grube et al. 2011).  As a post-emergent herbicide, glyphosate is applied 
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to fields to eliminate undesirable vegetation before planting with crops.  Many fields are 
planted with glyphosate-resistance crop varieties and receive additional applications 
throughout the growing season. Glyphosate is water-souble and found in field runoff 
where it has an aquatic half-life of 7-14 days (Giesy et al. 2000).  Glyphosate has been 
detected in surface waters in agricultural ditches following rain events (Edwards et al. 
1980; Battaglin et al. 2005; Coupe et al. 2011) 
The mechanism of action in glyphosate-exposed plants is through inhibition of 
enzymatic action in the shikimate pathway, an essential process that results in the 
production of chorismate (Weaver and Herrmann 1997; Gruys and Sikorski 1999).  
Chorismate is an essential precursor of the aromatic amino acids, phenylalanine, 
tryptophan, and tyrosine, and for a variety of essential secondary metabolites.  These 
chorismate-derived compounds are then utilized by the plant in variety of functions 
contributing to plant growth and reproduction.  Up to 35% of whole plant dry biomass 
can be accounted for through processes requiring chorismate (Gruys and Sikorski 1999).  
Absorption of glyphosate through roots has been shown in several crop species, 
such as beets, barley, cotton, maize, and rapeseed (Fletcher et al. 1980; Penn and Lynch 
1982; Pline et al. 2002; Wagner et al 2003; Alister et al. 2005; Petersen et al 2007).  
Root-absorbed glyphosate is less studied for ruderal species, for which the emphasis in 
the literature has been on the effects of non-target foliar exposure through drift or by-
spray. These studies indicate that herbicide exposure may influence species composition 
of agricultural drainage ditches and, in turn, indirectly affect ditch functions (Pierce and 




The separate but related laboratory and greenhouse experiments described in this 
dissertation address several questions with regard to the effects of root-zone glyphosate 
exposure. Ruderal plant species were used to evaluate the effects of such exposure on 
plant functioning including growth, physiology, morphology, and survival. Investigations 
included identifying a sublethal concentration of root-zone glyphosate exposure for use in 
subsequent experiments, quantifying the physiological effects of a range of sublethal 
glyphosate exposures, determining the effects of exposure duration and repeated 
exposure, and exploring the effects of clonal plant physiological integration with respect 
to spatial heterogeneity of root-zone glyphosate exposure. 
The research presented in Chapter 3 is an investigation of the effects of root-zone 
glyphosate exposure over a wide range of concentrations. Polygonum hydropiperoides 
and Panicum hemitomon were exposed to glyphosate in the root-zone at concentrations of 
0, 10, 1000, and 10,000 mg L-1. The research presented in Chapter 4 is a study of the 
physiological and growth effects of a range of sublethal root- zone glyphosate exposure 
concentrations. In this experiment, Polygonum hydropiperoides and Ludwigia peploides 
were exposed to root zone glyphosate for the following concentrations: 0, 10, 100, and 
1,000 µg L-1. The research presented in Chapter 5 explores the effect of root zone 
glyphosate exposure, exposure duration and repeated exposure, on the physiology and 
growth of Panicum hemitomon. The research presented in Chapter 6 investigates the 
effects of physiological integration and spatial heterogeneity of root zone glyphosate 
exposure in a clonal plant species. Connected paired ramets of Ludwigia peploides were 
exposed to glyphosate in the root zone of the Mother ramet having high root density or 
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the root zone of the Daughter ramet having low root density and were compared to 
unexposed controls. 
Collectively, the data generated and the resulting findings of these studies are 
novel to the literature. In addition to their scientific insights and importance, these 
findings have practical field applications for land managers seeking to ameliorate the 
effects of glyphosate runoff from agricultural fields. Furthermore, these findings provide 
the basis for future research into the effects of root-zone glyphosate exposure on non-
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Chapter 2. Review of the Herbicide Glyphosate 
1. General Information 
1.1 History 
 Glyphosate was discovered as an herbicide by Monsanto Company chemist 
Joseph E. Franz in 1970. Glyphosate became commercially available from Monsanto in 
1974 as a post-emergent, non-selective herbicide (Franz et al. 1997). Because it is a broad 
spectrum herbicide, initial agricultural use of glyphosate was restricted to weed removal 
before planting with crops (Duke and Powles 2008). After its commercial introduction, 
glyphosate experienced commercial popularity as various formulations of the Monsanto 
product, Roundup®. In 1996, genetic engineering led to the introduction of the first 
genetically modified herbicide-resistant crop, Roundup Ready soybeans (Glycine max) 
(Dill et al. 2008). The innovation of genetically modified herbicide-resistance led to 
expanded use of glyphosate, making it the most applied herbicide in the world.  
1.2 Prevalence  
 Glyphosate is the most widely used herbicide globally (Duke and Powles 2008). It 
is used most widely in agriculture, for field preparation and maintenance with herbicide-
resistant crops. Non-agricultural uses include ornamental gardening and residential weed 
management, maintaining rights of way, forestry practices, and ecological restoration 




Examining agricultural use statistics gives a sense of the extent of use of 
glyphosate. The National Agricultural Statistics Service surveys in the United States 
selected states for different agricultural sectors to determine the amounts of agricultural 
chemicals used across the country, including glyphosate (NASS 2013; NASS 2012; 
NASS 2011; NASS 2010). Table 1 summarizes the agricultural sectors in which 
glyphosate was used, the applied rates for the surveyed years, and percentage of planted 
acres receiving glyphosate. For soybeans, cotton, corn, and nursery and floriculture crops, 
glyphosate was the most commonly used herbicide (NASS 2013; NASS 2011; NASS 
2010). For barley and sorghum, glyphosate was the second most commonly used 
herbicide (NASS 2012). This is to be expected because soybeans, cotton, and corn all 










Table 1. Summary of glyphosate application in the United States for a given agricultural 
sector for a given year, as well as percentage of acres planted that received glyphosate 
(NASS 2010; NASS 2011; NASS 2012; NASS 2013). 
Agricultural 
Sector 
Amount Applied in 
Surveyed Year 
(Lbs.) 
% of Planted 
Acres 
Year Surveyed 
Soybeans 100,376,000 89 2012 
Corn 57,536,000 66 2010 
Upland Cotton 10,606,000 68 2010 
Sorghum 2,986,000 47 2011 
Barley 943,000 35 2011 
Nursery and 
Floriculture Crops 
196,200 N/A 2009 
 
1.3 Chemical and Physical Properties 
 Glyphosate is a phosphanoglycine compound (Dikshith and Diwan 2003). Its 
structural formula is shown in Figure 1. The most commonly applied form of glyphosate 
is in the form of its isopropylamine salt (IPA salt). Several chemical and physical 
characteristics for glyphosate are listed in Table 2. Commercial preparations of 
glyphosate contain three elements: IPA salt of glyphosate, a surfactant, and water. The 
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most commonly used surfactant is polyethoxylated tallowamine (POEA), which promotes 
penetration of glyphosate across the cuticle of target plants (Giesy et al. 2000).  
 
Figure 1. The structural formula of glyphosate (adapted from Dikshith and Diwan 2003). 
 
Table 2. Summary of physical and chemical properties of glyphosate (adapted from 
Giesy et al. 2000). 
Common name Glyphosate 
Synonyms N-(Phosphonomethyl)glycine (acid), 
Glyphosate isopropylamine salt (IPA salt) 
Chemical formula C3H8NO5P (acid), 
C3H9N.C3H8NO5P (IPA salt) 
CAS No. 1071-83-6 (acid), 













Common Name Glyphosate 
Molecular weight (g mol-1) 169.09 (acid), 
227.2 (IPA salt) 
Physical description White crystalline powder 
Melting point 200 ° – 230 °C  
Boiling point No data available 
Water solubility 10,000 – 15,700 mg L-1 at 25 °C 
Vapor pressure 2.59 x 10-5 Pa at 25 °C 
Octanol/water partition coefficient: log 
Kow 
-4.59 to -1.70  
Sorption partition coefficient: Kd 3 – 1,188; geometric mean (n = 28), 64 
Sorption partition coefficient: Koc (L kg
-1) 9 – 60,000; geometric mean (n = 28), 
2.072 
 
1.4 Plant Uptake, Transport, and Metabolism 
 Glyphosate is applied directly to plant foliage through spraying (Giesy et al. 
2000) and enters the plant via diffusion (Duke and Powles 2008). The surfactant added to 
commercial preparations of glyphosate allows glyphosate to penetrate the plant cuticle by 
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reducing the surface tension between the surface of the leaf and the sprayed droplet 
(Giesy et al. 2000). Once inside the plant, glyphosate enters the phloem and is transported 
to metabolic sinks via the symplastic pathway, which accounts for glyphosate’s property 
of being a systemic herbicide (Franz et al. 1997). The physiochemical dynamics of 
symplastic glyphosate transport is explained by the intermediate permeability theory. 
This theory states that polar non-ionizable molecules, such as glyphosate, permeate 
membranes slowly and can enter phloem sieve tubes and be retained to allow for long 
distance transport (Bromilow and Chamberlain 2000). Glyphosate may also be 
transported within the plant xylem in the apoplastic pathway when taken up by roots 
(Franz et al. 1997). For both foliar and root uptake, glyphosate translocation may be 
basipetal or acropetal, moving toward sink tissues, such as meristems, flowers, and fruits 
(Dewey 1981; Duke 1988; Franz et al. 1997; Wagner et al. 2003; Clua et al. 2013). Plants 
lack the ability to metabolize glyphosate (Franz et al. 1997). Absorption of glyphosate 
through roots has been shown in several crop species, such as beets, barley, cotton, 
maize, and rapeseed (Fletcher et al. 1980; Penn and Lynch 1982; Pline et al. 2002; 
Wagner et al 2003; Alister et al. 2005; Petersen et al 2007). This exposure pathway is 
significant because roots are the main intercept of glyphosate in field runoff.  
1.5 Mode of Action and Effects in Plants 
 Herbicides are classified based on their mode of action. Glyphosate is in the class 
of amino acid inhibitors (EPA 2012). Specifically, the synthesis of aromatic amino acids 
is disrupted due to the inhibition by glyphosate of enolpyruvylshikimic phosphate (EPSP) 
synthase (Steinrücken and Amrhein 1980; Giesy et al. 2000). This enzyme is essential to 
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the shikimic acid pathway production of chorismate, an intermediate precursor molecule 
for the aromatic amino acids, phenylalanine, tyrosine, and tryptophan (Giesy et al. 2000) 
and for a variety of secondary metabolites. The shikimic acid pathway and many of its 
metabolites are summarized in Figure 2. 
 Production of aromatic amino acids through the shikimic acid pathway is 
exclusive to plants, fungi, and some microorganisms. This pathway is not present in 
higher animals, for whom amino acids must be consumed in the diet (Schmid and 
Amrhein 1999). The lack of a shikimic acid pathway and, therefore, a lack of a target site 
makes for low toxicity of glyphosate in higher animals (Giesy et al. 2000). 
In plants, the shikimic pathway takes place within the chloroplast (Weaver and 
Herrmann 1997). An estimated 20% of assimilated carbon passes through this pathway 
(Schmid and Amrhein 1999). Up to 35% of plant dry mass originates through this 
metabolic pathway (Gruys and Sikorski 1999).  
 The effects of glyphosate exposure develop slowly, generally several days after 
exposure (Sprankle et al. 1975b; Haderlie et al. 1978; Gougler and Geiger 1981; Duke 
1988). Visually, symptoms of glyphosate exposure include foliar chlorosis followed by 
necrosis, leaf wrinkling and malformation, and meristematic necrosis (Gruys and Sikorski 
1999). Physiologically, glyphosate exposure also results in reductions in photosynthesis 
and chlorophyll fluorescence (Sprankle et al. 1975; Geiger et al. 1986; Madsen et al. 
1995; Olesen and Cedergreen 2010; Huang et al. 2012; Silva et al. 2014) and in 
chlorophyll content (Kitchen et al. 1981; Reddy et al. 2000; Huang et al. 2012). 
Generally, these physiological effects decrease plant biomass. However, glyphosate at 
low concentrations may induce hormesis, a stimulatory effect of some toxins at low 
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levels (Wagner et al. 2003; Velini et al. 2008; Cedergreen 2008; Belz et al. 2011; de 
Carvalho et al. 2013; Belz and Duke 2014). 
 
 
Figure 2. The shikimic acid pathway (shown in green) and selected metabolites. 
Chorismate is the common precursor molecule for the tryptophan pathway (blue) and the 




1.6 Resistance to Glyphosate 
 Glyphosate resistance comes in two varieties: intentional and unintentional. 
Glyphosate resistance conferred through genetic engineering is intentional. Glyphosate 
resistance as an evolved trait due to high selection pressure from extensive glyphosate 
use is unintentional.   
 Glyphosate resistance in crops is conferred by the genetic engineering of an EPSP 
synthase gene from Agrobacterium sp. strain CP4 (Shaner et al. 2011). This gene 
produces an enzyme that is insensitive to glyphosate (Pollegioni et al. 2011). This 
technology has led to the introduction of six glyphosate-resistant crops in the following 
years: soybean (1996), canola (1996), cotton (1997), maize (1998), sugarbeet (1999), and 
alfalfa (2005; removed from market in 2007). 
In 1996, the year of the introduction of genetically engineered herbicide-resistant 
crops and 22 years after the commercial introduction of glyphosate, the first reports of 
glyphosate resistant weeds began to surface in Australia. Today, 225 confirmed cases of 
29 glyphosate resistant weed species exist globally, summarized in Table 3 (Heap 2014). 
Mechanisms of glyphosate resistance in weeds include two primary strategies: 1) a 
mutation that alters the target site for glyphosate (EPSP synthase) or results in 
overexpression of EPSP synthase, or 2) changes in patterns of translocation and 





Table 3. Species, locations, and year(s) of discovery for 29 glyphosate resistant weed 
species across the world (adapted from Heap 2014). 
 Species Locations Year(s) Reported 
Amaranthus palmeri Arkansas, Alabama, Arizona, Delaware, 
Florida, Georgia,  Indiana, Illinois, 
Kansas, Kentucky, Louisiana, Maryland, 
Michigan, Mississippi, Missouri,  North 
Carolina, New Mexico, Ohio, 
Pennsylvania, South Carolina, 
Tennessee, Texas, Virginia, US 
2005; 2006; 2007; 
2008; 2009; 2010; 
2011; 2012; 2013; 
2014 
Amaranthus quitensis Argentina 2013 
Amaranthus spinosus Mississippi, US 2012 
Amaranthus 
tuberculatus 
Illinois, Indiana, Iowa, Kansas, 
Kentucky; Minnesota, Mississippi, 
Missouri, Nebraska, Ohio, Oklahoma, 
South Dakota, Tennessee, Texas, US 
2005; 2006; 2007; 




Alabama, Arkansas, Indiana, Kansas, 
Kentucky, Minnesota, Mississippi, 
Missouri, Nebraska, New Jersey, North 
Carolina, North Dakota, Ohio,  
2004; 2006; 2007; 




Species Locations Year(s) Reported 
 Pennsylvania, South Dakota, US; 
Ontario, CA 
 
Ambrosia trifida Arkansas, Indiana, Iowa, Kansas, 
Kentucky, Minnesota, Mississippi, 
Missouri, Nebraska, Ohio, Tennessee, 
Wisconsin, US; Ontario, CA 
2004; 2005; 2006; 
2007; 2008; 2009; 
2010; 2011 
Bidens pilosa Mexico 2014 
Brachiaria 
eruciformis 
Queensland, Australia 2014 
Bromus diandrus South Australia 2011 
Chloris elata Brazil 2014 
Chloris truncata New South Wales, Australia 2010 
Conyza bonariensis New South Wales, Queensland, 
Australia; South Australia; Brazil; 
Colombia; Greece; Israel; South Africa; 
Spain; Portugal; California, US 
2003; 2004; 2005; 
1006; 2007; 2009; 
2010; 2011 
Conyza canadensis   
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Species Locations Year(s) Reported 
 Arkansas, California Delaware, Indiana, 
Illinois, Iowa, Kansas Kentucky, 
Maryland, Michigan, Mississippi 
Missouri, Nebraska, New Jersey, North 
Carolina, Ohio, Oklahoma, 
Pennsylvania, Tennessee, Virginia, US; 
Brazil; China; Czech Republic; Italy; 
Poland; Spain 
2000; 2001; 2002; 
2003; 2005; 2006; 
2007; 2009; 2010; 
2011; 2012; 2013 
Conyza sumatrensis Brazil; France; Greece; Spain 2009; 2010; 2011; 
2012 
Cynodon hirsutus Argentina 2008 
Digitaria insularis Brazil; Paraguay 2005; 2008 
Echinochloa colona Argentina; New South Wales, 
Queensland, Australia; Western 
Australia; California, US 
2007; 2008; 2009; 
2010 
Eleusine indica Argentina; Bolivia; China; Colombia; 
Costa Rica; Malaysia, Mississippi, 
Tennessee, US 
1997; 2006; 2007; 




Hedyotis verticillata Malaysia 2014 
Kochia scoparia Alberta, Saskatchewan, CA; Colorado, 
Kansas, Nebraska, North Dakota, 
Oklahoma, Montana, South Dakota, US 
2007; 2009; 2011; 
2012; 2013 
Leptochloa virgate Mexico 2010 
Lolium perenne Argentina; Brazil; Chile; Japan; Italy; 
New Zealand; Portugal; Spain; Arkansas, 
California, Louisiana, Mississippi, North 
Carolina, Oregon, Tennessee, US 
2001;2002; 2003; 
2004; 2005; 2006; 
2007; 2008; 2009; 
2010; 2011; 2012; 
2014 
Lolium rigidum New South Wales, Victoria, Australia; 
South Australia; Western Australia; 
France; Israel; Italy; South Africa; Spain 
California, US 
1996; 1997; 1998; 
1999; 2001; 2003; 
2005; 2006; 2007; 




Plantago lanceolata South Africa 2003 
Poa annua California, Missouri, Tennessee, US 2010; 2011; 2013 




Sonchus oleraceus New South Wales, Australia 2014 
Sorghum halepense Argentina; Arkansas, Louisiana, 
Mississippi, US 
2005; 2007; 2008; 
2010 
Urochloa panicoides New South Wales, Australia 2008 
 
2. Environmental Fate 
2.1 Soil Interactions 
 Although glyphosate is typically sprayed onto plant foliage, some amount winds 
up in the soil through by-spray or being washed off of plant surfaces during precipitation. 
Once in the soil, glyphosate tightly sorbs to soil particles (Sprankle et al. 1975a; Hance 
1976; Roy et al. 1989; Piccolo and Celano 1994; Sheals et al. 2002; Gimsing and 
Borgaarrd 2002; Gimsing et al. 2004; Vereecken 2005; Gimsing et al. 2007; Borggaard 
and Gimsing 2008) due to its high affinity for clay minerals (Sprankle et al. 1975a; 
Hensley et al. 1978; Miles and Moye 1988; Dion et al. 2001), for soil organic matter 
(Nomura and Hilton 1977; Madhun et al. 1986; Piccolo and Celano 1994; Piccolo et al. 
1995; Piccolo et al. 1996a), and especially for soil oxides and hydroxides (Noruma and 
Hilton 1977; Piccolo et al. 1996b; Gerriste et al. 1996; Morillo et al. 1999; de Jonge 
2001; Gimsing et al. 2004). This high affinity for soil particles limits glyphosate’s 
mobility in the environment, a property considered to be beneficial since it makes 
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glyphosate “environmentally benign” (Giesy et al. 2000). Glyphosate and phosphate, 
present in fertilizers, compete for binding sites of soil micelles. Under most conditions, 
phosphate is preferentially sorbed, the presence of which may remobilize previously 
bound glyphosate (Borggaard and Gimsing 2008). 
 Glyphosate in soil is degraded by microoganisms (Giesy et al. 2000; Vereecken 
2005; Borggaard and Gimsing 2008). Microbial degradation occurs via two pathways. 
The primary pathway produces aminomethylphosphonic acid (AMPA) and glyoxylate. In 
the second pathway, sarcosine and glycine are produced (Borggaard and Gimsing 2008). 
The degree of soil microbial activity determines the rate of glyphosate degradation. The 
rate of degradation is also influenced by factors such as soil texture, pH, organic matter 
content, temperature, and moisture (Sprankle etl al. 1975a; Moshier and Penner 1978; 
Carlisle and Trevors 1988; Heinonen-Tanski 1989; Borggaard and Gimsing 2008; Figure 
3). The rate required for 50% dissipation (DT50) varies greatly, from 1.2 days to 197.3 












Figure 3. Schematic diagram showing the impact of environmental factors on microbial 
degradation of glyphosate in soil. Factors listed in the down arrow depress the rate of 








Table 4. Summary of glyphosate degradation times in agricultural soils as reported in the 
literature. DT50 refers to the time required for 50% dissipation (adapted from Giesy et al. 
2000).  
Reference Location DT50 (days) 
Mestdagh (1979) France 5 – 197.3 
Mestdagh (1979) Sweden 1.2 – 24.3 
Danhaus (1984) USA 27.3 – 55.5 
Heinonen-Tanski et al. (1985) Finland < 58 
Ragab et al. (1985) Canada < 10 
Oppenhuizen (1993) USA 1.7 – 141.9 
Oppenhuizen and Goure (1993) Canada 6 – 21  
 
2.2 Occurrence in Water 
 Although glyphosate has rarely been reported in groundwater and, when detected, 
concentrations are very low. One study conducted by the EPA over six years found 
glyphosate in seven groundwater samples out of 27,877 samples tested, with a maximum 
detected concentration of 1.1 µg L-1 (2003). For comparison, the maximum contaminant 
limit (MCL) for glyphosate is 700 µg L-1 (EPA 2002). 
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 Glyphosate is conservatively estimated to have an aquatic half-life of 7-14 days in 
surface waters (Giesy et al. 2000). Glyphosate is considered to have low potential for 
runoff due to its high affinity for soils (Duke 1988). Contrary to this conventional 
wisdom, glyphosate has been detected in surface waters, generally within agricultural 
ditches near the site of application. Several examples from the literature are discussed 
below. 
Edwards et al. (1980) found glyphosate in all samples for six watersheds in a 
study conducted over three years sampling runoff following precipitation events. 
Glyphosate concentrations ranged from 2 – 94 µg L-1. One sample detected 5,153 µg L-1 
glyphosate related to an unusually high rate of field application (8.96 kg ha-1, compared 
to 1.12 and 3.36 kg ha-1 at other sites). This sample is the greatest concentration in runoff 
found in the literature.  
The Danish government conducts long term monitoring of a variety of pesticides, 
including glyphosate. In a recent report from the project, Kjaer et al. (2003) found that 
among the four sites treated with glyphosate, water in adjacent drainage ditches contained 
glyphosate ranging from less than 0.01 to 4.7 µg L-1. This maximum concentration is 
nearly five times greater than the MCL for glyphosate in the European Union of 0.1 µg  
L-1 (Shipitalo and Owens 2011). 
Battaglin et al. (2005) sampled 51 streams in the Midwestern United States at 
different points in the growing season in 2002. Glyphosate was detected in 36% of 154 
samples, depending on timing during the growing season. The concentrations ranged 
from 0.1–8.7 µg L-1.  
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A watershed study was conducted by Coupe et al. (2011) in three watersheds in 
the Midwestern United States and one watershed in France. In 209 samples collected 
from three sites in a Mississippi watershed in 2007 and 2008, glyphosate was detected in 
all samples collected, with concentrations ranging from 0.03 to 73 µg L-1. In the Iowa 
watershed, 182 samples were collected with 29% of those containing detectable levels of 
glyphosate. Two sites sampled in an Indiana watershed showed glyphosate in 100% of 37 
samples. Concentrations ranged from 0.07–430 µg L-1. The watershed in France had 
glyphosate detected in 99.7% of 303 samples. The concentrations ranged from below 
detectable limits (<0.1 µg L-1) to 86 µg L-1.         
Shipitalo and Owens (2011) examined glyphosate in runoff from fields with 
different tillage practices and with different crops. Over a three year period, a total of 
1,015 runoff events were sampled in seven watersheds. During that period, one rainfall 
event resulted in a maximum glyphosate concentration of 887 µg L-1, exceeding the U.S. 
MCL of 700 µg L-1. Increased instances of glyphosate in runoff were associated with 
conservation tillage (no-till) as compared to disking or chiseling, while no differences 
were found between fields planted with corn and soybeans.  
 
2.3 Implications for Non-Target Vegetation 
The previously discussed studies clearly demonstrated that glyphosate may run 
off from fields where it is applied via soil surface runoff exposing roots of non-target 
plants. This exposure pathway is among the least studied for non-target plants. Other 
exposure pathways are well-studied and include by-spray and drift (Breeze et al. 1992; 
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Marrs et al. 1993; Kleijn and Snoeijing 1997; de Snoo and van der Poll 1999; Dixon et al. 
2002; Hewitt et al. 2009; Huang et al. 2010).  
 In the field, vegetated agricultural drainage ditches are the primary intercepts for 
agrochemicals and have also been recently studied for their potential to mitigate 
pollutants. Moore et al. (2001) found that an agricultural drainage ditch dominated by 
Polygonum amphibium, Leersia oryzoides, and Sporobolus sp. was effective in removing 
the herbicide atrazine and pesticide lambda-cyhalothrin from water during a simulated 
rainfall event. Forty-two to 77% of total measured atrazine was associated with plant 
material in the ditch, while 61-93% of measured lambda-cyhalothrin was associated with 
plant material.  
Cooper et al. (2002) investigated the potential of three agricultural ditches 
dominated by Polygonum sp., Leersia sp., and Ludwigia sp. to remove atrazine, lamba-
cyhalothrin, and the pesticide bifenthrin and found that 57-99% of the measured 
pesticides were associated with the ditch vegetation plant material. Cooper et al. (2004) 
found that three ditch species, Ludwigia peploides, Polygonum amphibium, and Leersia 
oryzoides, were effective in the removal of the insecticide pyrethroid esfenvalerate.  
Bouldin et al. (2005) found that unvegetated microcosms had higher 
concentrations of atrazine and lambda-cyhalothrin as compared to vegetated microcosms, 
with Ludwigia peploides and Juncus effusus removing significant amounts of the 
agrochemicals from the water column. Bouldin et al. (2006) further found that the ditch 
species Ludwigia peploides and Juncus effusus were successful in removing atrazine and 
lambda-cyhalothrin from hydroponic solutions containing simulated runoff.  
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Krӧger et al. (2011) investigated the effects of hydraulic residence time in ditches 
on the removal of nutrients and found that ditches can remove up to 94% of dissolved 
inorganic phosphate, 96% of nitrate, and 85% of ammonium. Stehle et al. (2011) recently 
reviewed this topic and conducted a meta-analysis of 24 publications regarding vegetated 
treatment systems, such as agricultural ditches, and found the majority of the studies 
reported removal of agrochemicals that exceeded 70%.  
 Following glyphosate’s infiltration into the soil, the roots of non-target plants may 
be exposed to glyphosate. A few studies exist that have investigated the effects of root-
zone glyphosate exposure, however, all of these studies have been carried out in crop 
species, including beets (Beta vulgaris), barley (Hordeum vulgare), cotton (Gossypium 
hirsutum), maize (Zea mays), and rapeseed (Brassica napus) (Fletcher et al. 1980; Penn 
& Lynch 1982; Pline et al. 2002; Wagner et al. 2003; Alister et al. 2005; Petersen et al. 
2007). The effects of these studies on various experimental endpoints are summarized in 
Table 5. Based on a survey of these existing studies, new investigations into the effects of 








Table 5. Summary of the effects of root-zone glyphosate exposure on plant functioning 
reported in the literature. 





Betacyanin efflux increased with 
increasing glyphosate 
concentration and time, 
demonstrating increased cell 






Changes in dry 
weight 











50% reduction in fresh weight of 
cotyledons, hypocotyls, and roots; 
inhibition of lateral root 
development 








Growth reduction of up to 44% of 
fresh weights following a logistic 
response curve; hormesis effect 
noted for exposures of less than 1 










Growth reduction of 50% of fresh 






Changes in dry 
weight; visual 
symptoms 
Growth reduction of 83% of dry 
weights for roots and 43% 
reduction for shoots; leaf 
chlorosis and necrosis for 




3. Research Question and Objectives 
 Based on a synthesis of the literature presented above, the following points may 
be recapitulated: 1) glyphosate runs off of fields where it is applied, 2) glyphosate can be 
taken up by plant roots, and 3) glyphosate can affect non-target plants found in 
agricultural ditches. These points formed the basis of the general research question 
proposed for this dissertation: what are the effects of root-zone glyphosate exposure on 
non-target plants found in agricultural ditches?   
  To address this relatively broad research question, several research objectives 
were identified, as listed below. 
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1. Objective 1 (Chapter 3): identify a sublethal concentration for root-zone 
glyphosate exposure to use in subsequent experiments.  
2. Objective 2 (Chapter 4): test a range of sublethal concentrations for root-zone 
glyphosate exposure to quantify the effects on plant growth and physiology. 
3. Objective 3 (Chapter 5): evaluate the effects of variables related to root-zone 
glyphosate exposure, specifically exposure duration and repeated applications, 
and their effects on plant growth and physiology. 
4. Objective 4 (Chapter 6): investigate the effects of physiological integration and 
spatial heterogeneity of root-zone glyphosate exposure on the morphology and 
growth of a clonal plant. 
These objectives were achieved through conducting laboratory and greenhouse 
experiments that quantified leaf chlorophyll content, chlorophyll fluorescence, 
morphology, growth, biomass allocation, relative growth rate, and mortality for several 
species commonly found in agricultural ditches. Collectively, the studies presented 
describe novel findings and insights that were previously undocumented in the literature.  
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Chapter 3. Root-Zone Glyphosate Exposure Adversely Affects Two Ditch Species 
1. Introduction 
Glyphosate is one of the world’s most widely used herbicides [1], and its use has 
greatly increased over time, with amounts applied in the United States doubling in half a 
decade, from 41,000-t in 2001 to 84,000-t in 2007 [2]. Glyphosate is applied to 
agricultural fields at the beginning of the growing season to eliminate undesirable 
vegetation before planting with crops. Additionally, many fields are planted with 
glyphosate-resistant crop varieties and receive repeated glyphosate applications 
throughout the growing season.  
The negative effects of foliar exposure on non-target vegetation through drift or by-
spray are well-documented in the literature [3-5]. However, a less investigated exposure 
pathway occurs when non-target vegetation in edge-of-field ditches is exposed to 
aqueous glyphosate in the root zone following soil infiltration during precipitation events 
[6]. Within a glyphosate exposed plant, the enzymatic action of the shikimate pathway is 
inhibited, and chorismate, the end product of this pathway, can no longer be produced. 
Chorismate is the precursor molecule for the aromatic amino acids, phenylalanine, 
tryptophan, and tyrosine, and for a variety of essential secondary metabolites. 
Chorismate-derived compounds are then utilized by the plant in numerous functions 
contributing to growth and reproduction [7,8]. In addition, the cascade of effects 
following glyphosate exposure decreases chlorophyll content in plants [9]. As a water-
soluble compound, glyphosate is found in runoff from agricultural fields that enters 
ditches, canals, and receiving surface waters, where it has an aquatic half-life of 7-14 
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days [10,11]. This exposure may influence species composition of agricultural drainage 
ditches and, in turn, affect the ecological services ditches perform [12]. 
The objective of this experiment was to test a range of exposure concentrations to 
assess a threshold for sublethal root-zone glyphosate exposure. The exposure 
concentrations used were chosen to represent a single acute exposure event. The two 
highest concentrations used, 1,000 and 10,000 mg/L, are of the same magnitude as those 
obtained following label preparation instructions for a commercial product containing 
glyphosate which is used for agriculture, as well as non-agricultural applications, such as 
habitat management, parks, residential areas, and roadsides. The label preparation 
instructions direct a preparation of 1.1% product solution which contains 8,310 mg/L 
glyphosate (corresponding to the 10,000 mg/L exposure), while preparation of a 0.3% 
product solution would contain 2,210 mg/L glyphosate (corresponding to the 1,000 mg/L 
exposure). Label instructions can be followed to prepare up to an 11.1% product solution, 
which would contain 82,020 mg/L glyphosate.  Additionally, the highest concentration of 
10,000 mg/L is of the same magnitude as the Expected Environmental Concentration 
(ECC) value of 42,840 mg/L calculated for non-target terrestrial plants inhabiting semi-
aquatic low-lying areas for runoff following aerial application using formulae from the 
USEPA [13]. The low concentration assessed (10 mg/L) was chosen to examine an 
intermediate exposure. We predicted that increasing root zone glyphosate exposure 
concentrations would be associated with negative plant responses for two ruderal species, 
Polygonum hydropiperoides and Panicum hemitomon, commonly found in agricultural 
ditches in southcentral United States. Specifically, we tested the hypotheses that both 
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species would exhibit dose-dependent reductions in chlorophyll content index, root-to-
shoot ratios, and survival.  
2. Materials and Methods 
2.1. Plant Material 
Two wetland species commonly found in agriculture ditches were selected for study: 
Polygonum hydropiperoides and Panicum hemitomon. Polygonum spp. (smartweed), an 
erect perennial forb in the family Polygonaceae, was present in 100% of the smallest 
ditch class in surveyed agricultural drainage ditches in the Mississippi Delta region 
[14,15]. P. hemitomon (maidencane), an erect perennial graminoid in the family Poaceae 
with a C3 photosynthetic pathway, is also a species commonly found in ditches [16]. In 
Tennessee, however, it is listed as a species of Special Concern for its protection status. 
Both species are wetland obligates with distributions that include the Mississippi Delta 
[15]. Plants were collected from wild populations in wetland cells maintained at the 
USDA NRCS Jamie L. Whitten Plant Materials Center in Coffeeville, Mississippi 
(33.989132,-89.791368).  
2.2. Experimental Procedures 
Following collection, plants were standardized by cutting individuals to 15 cm stem 
and 10 cm root and then were potted in PVC pots (60 cm h x 5 cm d) containing washed 
commercial play sand, limiting the adsorption of glyphosate onto organic matter [18]. 
Plants were maintained for 4 weeks in a climate-controlled greenhouse (20-31oC) at the 
University of Memphis without supplemental lighting. Plants were watered daily with tap 
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water and received weekly fertilizer applications at a rate of 1.25 g L-1 20-20-20 Peter’s 
fertilizer (Scotts MiracleGrow Company, Marysville, OH, USA). Following the 
maintenance period, individuals were transferred to a laboratory equipped with 
supplemental light on a 16-h photoperiod, illuminated by four 400 W high pressure 
sodium and four 400 W metal halide lamps in water-cooled ballasts, providing 
approximately 1000 µmol m-2 s-1 photosynthetic photon flux density at the leaf canopy 
level. The study was initiated after a seven day acclimation period in the laboratory and 
was terminated 21 days after glyphosate exposure. 
Polygonum hydropiperoides and Panicum hemitomon and four glyphosate 
concentrations (0, 10, 1000, 10000 mg L-1 glyphosate) were arranged in a 2x4 
randomized block design. Exposure solutions were prepared using deionized water and 
the commercial product Roundup ProDry (EPA Registration No. 524-505) which 
contains 71.4% glyphosate in the form of an ammonium salt of N-
(phosphonomethyl)glycine and 28.6% other ingredients (Monsanto Company, St. Louis, 
MO, USA). During exposure, 100 mL glyphosate solution of the appropriate 
concentration was introduced to the top of the substrate and allowed to infiltrate for two 
hours, after which the substrate was rinsed with 500 mL deionized water. 
2.3. Plant Measurements 
Leaf chlorophyll content index (CCI) was recorded prior to treatment initiation and 
daily thereafter for the study duration using a chlorophyll content meter (CCM-200, Opti-
Sciences, Tyngsboro, MA, USA). Measurements were obtained from the third fully 
expanded leaf from the top of the apical stem. Following the study termination on day 21, 
44 
 
plants were divided into above- and below-ground tissue and dried in an oven at 70 oC 
until a constant weight was reached, then the dry weights were recorded. These dry 
weights were used to calculate the ratio of aboveground biomass to belowground 
biomass. Survivorship was also calculated. 
2.4. Data Analyses 
Blocking of glyphosate treatments by species was required to minimize shading 
introduced by the species’ different growth habits. Due to limited laboratory space, each 
glyphosate exposure treatment was replicated by six Polygonum hemitomon plants (N = 
24) and 10 Panicum hydropiperoides plants (N = 40). Differences in means for pre-
exposure and post-exposure CCI were analyzed using a repeated measures analysis of 
variance (ANOVA) with two sampling dates and four levels of glyphosate treatment as 
independent factors. Differences in means for root:shoot ratios and for differences among 
treatment group for survival for each species were analyzed for each species using a one-
way ANOVA with four levels of glyphosate exposure as the independent factor [19]. 
Significant differences were followed by a Tukey’s post-hoc comparison. Differences 
were considered significant at α < 0.05. 
3. Results 
3.1. Chlorophyll Content Index 
Analysis of pre- and post-exposure CCI measurements showed a significant 
interactive effect and significant time effect for Polygonum hydropiperoides 
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(time*treatment: F3,39=8.646, p<0.001; time: F3,39=85.171, p<0.001) and Panicum 
hemitomon (time*treatment: F3,19=5.525, p<0.01; time: F3,19=14.727, p=0.001). 
In both Polygonum hydropiperoides and Panicum hemitomon, CCI did not differ 
among treatments before exposure. For both species, plants exposed to root zone 
glyphosate had significant decreases in CCI after seven days. In P. hydropiperoides, CCI 
after seven days decreased with increasing glyphosate concentration and resulted in 
mortality for the 1000 and 10,000 mg L-1 treatments. P. hemitomon also exhibited a dose-
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Figure 4. Leaf chlorophyll content index (CCI) values for Polygonum 
hydropiperoides and Panicum hemitomon. Bars represent treatment means +/- SE 
for 10 and six replicates for P. hydropiperoides and P. hemitomon, respectively. 
Dark bars represent 1 day pre-exposure values; light bars represent 7 days post-
exposure values. Lowercase letters represent significant differences across 
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glyphosate treatments for species (p<0.05). Note the different scales for CCI for 
each species. 
3.2. Root-to-Shoot Biomass Ratios 
Root-to-shoot biomass ratios (R:S) were not affected by glyphosate exposure 
treatments in Polygonum hydropiperoides (F3,39=2.46, p=0.077) or Panicum hemitomon 
(F3,19=1.91, p=0.162). Trends of resource allocation, however, while not statistically 
significant, differed between the two species as shown in Figure 2. In P. hydropiperoides, 
all treatments showed a greater investment in shoot biomass as compared to root biomass, 
with a trend of decreasing root allocation with increasing glyphosate exposure 
concentration. In P. hemitomon, all treatments showed a greater investment in shoot 
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Figure 5. Root-to-shoot biomass ratios (R:S, g/g) for Polygonum hydropiperoides and 
Panicum hemitomon. Bars represent treatment means +/- SE for 10 and six replicates for 




Table 6. Plant measurements of chlorophyll content index (CCI), root-to-shoot 
ratios, and survival. Numbers represent the mean +/- standard error. Lowercase 




Conc. (mg L-1) 
CCI 1 d  
pre-exposure 







0 13.6 +/- 1.4 10.5 +/- 2.9a 0.7 +/- 0.1 100 +/- 0.0a 
  10 13.8 +/- 2.2 6.7 +/- 2.0a,b 1.0 +/- 0.3 67 +/- 0.1b 
  1000 16.3 +/- 2.2 0.0 +/- 0.0b 0.5 +/- 0.1 0 +/-0.0c 
  10000 14.2 +/- 2.1 0.0 +/- 0.0b 0.3 +/- 0.1 0 +/- 0.0c 
Panicum 
hemitomon 
0 40.2 +/- 3.5 47.0 +/- 4.5a 1.3 +/- 0.1 100 +/- 0.0a 
  10 40.2 +/- 2.9 26.5 +/- 6.4b 2.0 +/- 0.3 100 +/- 0.0a 
  1000 33.2 +/- 2.4 24.4 +/- 4.9c 1.4 +/- 0.2 100 +/- 0.0a 
  10000 39.3 +/- 4.2 1.2 +/- 0.9d 1.5 +/- 0..3 0 +/- 0.0b 
 
3.3. Survival 
Glyphosate exposure affected survival in Polygonum hydropiperoides and Panicum 
hemitomon (F3,58 =14.508, p<0.001). Each species showed a different rate of survival 
during the experiment duration (F1,58=8.825, p=0.005). An interactive effect between 
species and glyphosate exposure also affected survival (F3,58=9.733, p<0.001) (Figure 3). 
Survival decreased with increasing glyphosate concentration, with total mortality seen in 
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the 1000 and 10,000 mg L-1 treatments for P. hydropiperoides (Table 1, Figure 3). In P. 
hemitomon, 100% survival was seen in the 0, 10, and 1000 mg L-1 treatments and total 
mortality observed in the 10,000 mg L-1 treatment (Table 1, Figure 3). 
 
 
Figure 6. Interactive effects of species and glyphosate concentration on survival.  
 
4. Discussion and Conclusion 
Exposure of two common agricultural ditch plants, Polygonum hydropiperoides and 
Panicum hemitomon, to different concentrations of glyphosate in the root zone resulted in 
a significant decreases in CCI and survival while root:shoot ratios were unaffected. The 
study was successful in identifying a sublethal glyphosate root zone exposure 
concentration for both species. These findings partially support our prediction that 
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increasing root zone glyphosate exposure concentrations would result in negative plant 
responses. 
Studies have experimentally confirmed plants’ ability to take up glyphosate following 
root exposure and translocate the compound to other tissues. Alister et al. showed that 
14C-glyphosate is taken up through the roots of Zea mays L. seedlings and transported to 
other tissues, particularly the shoot apex [20]. Glyphosate is accumulated in the greatest 
proportion in the meristematic tissues, affecting developing tissues most directly [8]. 
Chlorophyll turnover is known to be dynamic, with synthesis and degradation occurring 
in durations ranging from minutes to days [22]. These studies support our finding that 
root zone glyphosate exposure adversely affects leaf chlorophyll content, thus the 
observed decreases in CCI, with increasing intensity of exposure. 
Perennial grasses have been found to accumulate glyphosate in the rhizomes and 
stolons [23]. Furthermore, up to 35% of whole plant dry biomass can be accounted for 
through processes requiring chorismate, the essential molecule whose synthesis is 
inhibited by glyphosate exposure [8]. The lack of significant differences in root:shoot 
ratios among different treatments was unexpected based on these previous studies. The 
short duration of the experiment was required due to extensive mortality at the higher 
glyphosate concentrations, but 21 days may not have been a sufficient amount of time to 
get significant differences in biomass partitioning.  
The low survival rate for Polygonum hydropiperoides exposed to the highest two 
glyphosate exposure concentrations was predictable given that these two dosages are of 
the same magnitude of solutions prepared following packaging instructions (1,000 and 
10,000 mg/L). Panicum hemitomon was able to survive with no mortality for all 
52 
 
treatments except for the highest concentration. The differential survival rates between P. 
hemitomon and P.hydropiperoides was the least expected and most interesting finding 
from this study. The ability of P. hemitomon to survive a broad range of glyphosate 
concentrations in its root zone may contribute to its relative abundance in ditches 
adjacent to agricultural fields.  
These data may have important implications for management of agricultural ditches to 
provide maximum ecological benefits. Plant coverage was identified as the most 
important variable affecting pesticide removal from ditches in a recent literature review 
[25]. Syversen and Bechmann demonstrated that grass buffer zones remove up to 48% of 
the herbicide glyphosate present in surface runoff experiments [26]. As a grass species, 
Panicum hemitomon may be well-suited to plant assemblages that are subject to exposure 
to glyphosate. It is important to note, however, that the present study was conducted in 
sand, a soil texture not representative of most field conditions, a limitation that should be 
considered in implementation of best management practices based on these findings. 
Root zone glyphosate exposure is an under-investigated pathway with important 
ecological implications. These findings highlight how the root-zone exposure pathway 
differentially affects non-target vegetation. To elucidate the dynamics of root-zone 
glyphosate exposure in plants, experimental approaches that explore variables such as 
exposure duration and inter-specific interactions within plant assemblages will be 
especially illuminating. This experiment demonstrates the interesting work that results 
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Chapter 4. Sublethal Effects of Environmentally-Relevant Runoff Concentrations of 
Glyphosate in the Root-Zone on Ludwigia peploides (creeping water primrose) and 
Polygonum hemitomon (smartweed) 
Introduction 
Hundreds of thousands of hectares of agricultural lands are drained by edge-of-
field ditches that flow into canals, streams, and rivers (Bouldin et al. 2004).  These 
agricultural ditches share many of the same functions as wetland ecosystems, including 
services such as transformation of many contaminants and providing habitat for plants 
and animals (Pierce & Pezeshki 2010). Ditches receive runoff from agricultural fields, 
which often contains anthropogenic contaminants (Cooper et al. 2004); thus, plants 
within drainage ditches are often exposed to dissolved chemicals in runoff (Kröger et al. 
2009).   
The most commonly used agricultural pesticide in the United States is glyphosate. 
Glyphosate is water-soluble and found in field runoff where it has an aquatic half-life of 
7-14 days (Giesy et al. 2000). The highest recorded concentration of glyphosate in runoff 
was 8.7 µg/L (Battaglin et al. 2005).  
Vegetated treatment systems, including vegetated ditches, have been shown to be 
effective in pesticide removal from surface waters (Cooper et al. 2004).  A recent 
literature review identified plant coverage as the most important factor in pesticide 
trapping efficiency in vegetated treatment systems (Shehle et al. 2011).  The plants in 




Plants subjected to runoff are exposed to contaminants in the root zone after 
runoff infiltrates into the soil.  Some crop species, including cotton and corn, have been 
shown to absorb glyphosate through roots, displaying a myriad of negative consequences, 
including wilting and chlorosis, sometimes followed by recovery of new growth at very 
low concentrations (Pline et al. 2002, Wagner et al. 2003).  However, little research has 
been conducted on root-absorbed glyphosate for ruderal species such as those found in 
ditches, for which the emphasis in the literature has been on the effects of non-target 
foliar exposure through drift or by-spray. These studies on non-target vegetation 
indicated that herbicide exposure may influence species composition of agricultural 
drainage ditches and, in turn, indirectly affect ditch functions (Saunders et al. 2013, 
Pierce & Pezeshki 2010).   
 The objective of the present study was to quantify the effects of root-zone 
glyphosate exposure at sublethal concentrations, including an environmentally relevant 
concentration, for two ditch species, Ludwigia peploides and Polygonum 
hydropiperoides. Growth parameters included relative growth rate, stem length increase, 
biomass, and root-to-shoot-ratios. Physiological responses measured were chlorophyll 
content index (CCI) and chlorophyll fluorescence. We tested the hypothesis that 
increased glyphosate exposure concentrations in the root zone would be negatively 






Materials and Methods 
Plant Material 
Two wetland obligate species were studied in this experiment, Ludwigia 
peploides (creeping water primrose) and Polygonum hydropiperoides (smartweed). Both 
species are emergent macrophytes common to agricultural ditches. Ludwigia peploides 
was collected from wild populations in ponds at Shelby Farms, Memphis, TN. 
Polygonum hydropiperoides was collected from wild populations in wetland cells at the 
USDA NCRS Jamie L. Whitten Plant Materials Center, Coffeeville, MS.  
 Experimental Procedures 
 The study was conducted in June 2012 in a climate-controlled greenhouse at the 
University of Memphis, Memphis, TN, under natural light. Individual stems of each 
species were standardized to 25 cm shoot and planted in sand in individual pots at a depth 
of 10 cm. Each pot was placed in an individual plastic pan used to keep the bottom 10 cm 
of substrate saturated. Individuals received daily watering with tap water and were 
fertilized weekly with 1.25 g/L 20-20-20 Peter’s fertilizer (Scotts MiracleGrow 
Company, Marysville, OH, USA). Following a four week establishment period, the study 
was initiated and ran for 21 days. 
Polygonum hydropiperoides and Ludwigia peploides and four glyphosate 
concentrations (0, 10, 100, 1000 µg L-1 glyphosate) were arranged in a completely 
randomized design. Exposure solutions were prepared by mixing deionized water and the 
commercial product Roundup ProDry (EPA Registration No. 524-505) which contains 
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71.4% glyphosate in the form of an ammonium salt of N-(phosphonomethyl)glycine and 
28.6% other ingredients (Monsanto Company, St. Louis, MO, USA). The plants were 
exposed to 200 mL glyphosate solution by introducing the solution to the top of the 
substrate of an individual pot and allowing it to infiltrate for two hours. Following the 
exposure, 500 mL of deionized water was used to rinse the substrate. 
 
Non-Destructive Plant Measurements 
Leaf chlorophyll content index (CCI) was recorded prior to treatment initiation 
and every third day thereafter for the study duration using a chlorophyll content meter 
(CCM-200, Opti-Sciences, Tyngsboro, MA, USA). Chlorophyll fluorescence parameters, 
yield of energy conversion by Photosystem II under ambient irradiance (Yield) and the 
maximum potential excitation energy of Photosystem II (Fv/Fm), were measured using an 
OS-100 Modulated Fluorometer (Opti-Sciences, Tynsboro, MA) following the 
procedures of Maxwell and Johnson (2000).  Measurements were obtained from the third 
fully expanded leaf from the top of the apical stem.  
Destructive Plant Measurements 
Following the study termination on day 21, plants were divided into above- and 
below-ground tissue and dried in an oven at 70 oC until a constant weight was reached, 
then the dry weights were recorded. These dry weights were used to calculate the ratio of 
root biomass to shoot biomass. Relative growth rate was calculated using the initial 
biomass data obtained from eight individuals of each species that were harvested one day 




Each glyphosate exposure treatment was replicated by 12 L. peploides plants (N = 
48) and 11 P. hemitomon plants (N = 44). Statistical analyses were conducted using IBM 
SPSS Statistics for Windows, Version 19.0 (IBM Corp., Armonk, NY). Differences in 
means for CCI, Yield, and Fv/Fm were analyzed using a repeated measures analysis of 
variance (ANOVA) with five sampling dates and four levels of glyphosate treatment as 
independent factors. Repeated measures ANOVAs were Greenhouse-Geisser adjusted in 
cases of violations of the assumption of sphericity. Significant differences in the repeated 
measures ANOVA model were followed by oneway ANOVAs to detect differences 
across time and treatments.  Differences in means for root:shoot ratios and for differences 
among treatment group for survival for each species were analyzed for each species using 
a one-way ANOVA with four levels of glyphosate exposure as the independent factor. 
Average CCI, Average Yield, and Average Fv/Fm were analyzed using one-way 
ANOVAs with four levels of glyphosate exposure as the independent factor. Significant 
differences were followed by Tukey’s HSD post-hoc pairwise comparisons. Differences 
were considered significant at α<0.05. 
Results 
Non-destructive Plant Measurements 
Chlorophyll Content Index 
Analysis of CCI measurements showed a significant interactive effect of time x 
treatment and a significant time effect for P. hydropiperoides (time*treatment: 
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F11,140=2.115, p=0.025; time: F4,140=27.950, p<0.001), while L. peploides showed a 
significant time effect (F3,120=3.062, p=0.035).  
 In P. hydropiperoides, CCI measurements did not differ among treatments on Day 
-1, Day 1, and Day 3. On Day 7, CCI measurements of untreated individuals were 
significantly greater than those of glyphosate exposed individuals (F3,39=7.817, p<0.000, 
Figure 1A). On Day 17 (data not shown), untreated individuals’ CCI was significantly 
greater than individuals exposed to 10 and 1,000 µg/L glyphosate (F3,39=3.948, p=0.016). 
CCI measurements in L. peploides did not differ among treatments on any sampling date 
(p>0.05, Figure 1B).  
Average CCI for Day 1 – 17 did not differ significantly across treatments for L. 
peploides (p>0.05), while, for P. hydropiperoides, a significant difference in means 
across treatment groups was found (F3,12=10.749, p = 0.001). For P. hydropiperoides, the 






Figure 7. Chlorophyll content index (CCI) measurements for Polygonum hydropiperoides 












































Lowercase letters refer to significant differences across treatments. Differences 
considered significant at α < 0.05. 
 
 
Figure 8. Average chlorophyll content index (CCI) measurements for Day 1 – 17. Bars 
represent means +/- the standard error. Lowercase letters refer to significant differences 




Analysis of Fv/Fm measurements showed a significant interactive effect and 




























time: F3,106=24.385, p<0.001) and L. peploides (time*treatment: F10,150=1.973, p=0.038; 
time: F4,140=19.156, p<0.001).  
Fv/Fm measurements for P. hydropiperoides differed significantly across 
treatments on Day 1 (F3,36=9.356, p<0.000). On this sampling date, measurements of 
Fv/Fm were significantly less for the 100 µg/L treatment as compared to the other 
treatments (Figure 3A). In L. peploides, Fv/Fm measurements on Day 5 were 
significantly less for the 100 and 1000 µg/L treatments as compared to the control 
treatment (Figure 3B). 
Average Fv/Fm for Day 1 – 7 did not differ significantly across treatments for L. 





























Figure 9. Dark-adapted chlorophyll fluorescence (Fv/Fm) measurements for Polygonum 
hydropiperoides (A) and Ludwigia peploides (B). Bars represent means +/- the standard 
error. Lowercase letters refer to significant differences across treatments. Differences 



























Figure 10. Average dark-adapted chlorophyll fluorescence (Fv/Fm) measurements for 
Day 1 – 7. Bars represent means +/- the standard error.  
Yield of PSII energy conversion 
Analysis of Yield measurements showed a significant time effect for P. 
hydropiperoides (time: F3,114=7.543, p<0.001) and L. peploides showed a significant 
interactive effect and significant time effect (time*treatment: F8,111=2.047, p=0.050; time: 
F3,111=10.391, p<0.001).  
For P. hydropiperoides, the 100 µg/L treatment showed a significant decrease 
compared to other treatments on Day 5 (Figure 5A). L. peploides Day 5 measurements 



























Average Yield for Day 1 – 7 did not differ significantly across treatments for L. 












































Figure 11. Light-adapted yield of energy conversion, Yield, measurements for 
Polygonum hydropiperoides (A) and Ludwigia peploides (B). Bars represent means +/- 
the standard error. Lowercase letters refer to significant differences across treatments. 
Differences considered significant at α < 0.05. 
 
Figure 12. Average light-adapted yield of energy conversion, Yield, measurements for 
Day 1 – 7. Bars represent means +/- the standard error. 
Destructive Plant Measurements 
 Following study termination, measurements of total biomass, root biomass, and 
shoot biomass were recorded (Table 1). These data were used to calculate root-to-shoot 
ratios, relative growth rate, and stem length increase (Table 1).  Analyses of both species 
revealed no significant differences among these measures within species across 

























(F3,40=3.403, p=0.027). For P. hydropiperoides, calculated values for root-to-shoot ratios 
for the 10 µg/L treatment were significantly less than those for the 100 µg/L treatment. 
When interpreting these results, it is important to consider that this study was 
conducted in sand, a soil texture not representative of most field situations. These 
findings imply that even under acute exposure conditions, environmentally-relevant 
runoff concentrations of glyphosate in the root-zone are unlikely to cause significant 
damage to exposed plants. These data support our hypothesis that root-zone glyphosate 
exposure within the range tested in the current experiment may be associated with 
adverse effects on certain plant physiological responses over brief periods following the 
initiation of stress. However, our hypothesis that growth parameters would also be 
affected is rejected.  
 
Table 7. Plant growth measurements for Polygonum hydropiperoides and Ludwigia 
peploides. Values are mean +/- the standard error. Lowercase letters indicate significant 
differences across treatments. 



































































































            






















100 µg/L 1.05 +/- 0.45 +/- 1.50 +/- 0.43 +/- 0.75 +/- 1.72 
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0.09 0.07 0.15 0.05 0.30 













Root-zone glyphosate exposure affected P. hydropiperoides and L. peploides 
differently. In P. hydropiperoides, a decrease in CCI values was observed in treated 
plants on Day 7 compared to untreated plants, indicating some breakdown of chlorophyll. 
Additionally, on Day 17 control plants’ CCI values were greater than those individuals in 
the 10 and 1,000 µg/L treatment, confirming the continuous deleterious treatment effects 
on leaf chlorophyll content in this species. The late response onset is speculated to be due 
to the extremely low exposure concentrations used in this study. Chlorophyll turnover is 
known to be continuous (Beisel et al. 2010), but a sublethal disruption in the shikimic 
acid pathway may take time for the cascade of biochemical reactions to manifest into 
reduced leaf chlorophyll content (Hoagland & Duke 1982). These results agree with 
Saunders et al. (2013), which found a dose-dependent reduction in CCI in P. 
hydropiperoides at concentrations an order of magnitude greater than those used in the 
present study. Furthermore, the present study showed a significant treatment effect for 




With regard to chlorophyll fluorescence parameters in P. hydropiperoides, Day 1 
measurements of Fv/Fm were decreased for the 100 µg/L treatment as compared to other 
treatments. Also, Yield measurements on Day 5 were less compared to control treatments 
for the 100 µg/L treatment in P. hydropiperoides. This decrease in the efficiency of 
excitation capture (Fv/Fm) of open PS II in dark-adapted leaves and decrease in yield of 
energy conversion (Yield) in light-adapted leaves indicate photoinhibition of plants in 
response to stress (Maxwell & Johnson 2000). Mateos-Naranjo and Perez-Martin (2013) 
also found a photoinhibitory effect for chlorophyll fluorescence parameters in 
Bolboschoenus maritimus exposed to sublethal concentrations of glyphosate in the root 
zone. The PSII dysfunction observed in the present study, however, did not result in 
differences in biomass partitioning, which is likely an artifact of the short duration of the 
study. 
In L. peploides, treatment effects for CCI were absent at various sampling points 
during the observation period, indicating that PSII disruption was not sufficient to 
decrease chlorophyll content. Treatment effects for dark-adapted chlorophyll 
fluorescence measurements, Fv/Fm, manifested later for L. peploides than those of P. 
hydropiperoides. For L. peploides, Fv/Fm measurements decreased on Day 5 for the 
highest two exposure concentrations, 100 and 1,000 µg/L, as compared to controls. Yield 
measurements on Day 5 were less compared to control treatments for the 10 µg/L 
treatment in L. peploides. This later onset suggests L. peploides may be able to 
compensate for stress induced by root-zone glyphosate exposure as compared to P. 
hydropiperoides. Lugwigia spp. has been extensively studied due to its aggressive growth 
outside its native range, root dimorphism, and allelopathy (Raven 1963, Ellmore 1981, 
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Rejmánková 1992, Dandelot et al. 2005, Dandelot et al. 2008, Hussner 2010). This study 
contributes to that body of knowledge by examining the effects of root zone glyphosate 
exposure on this species and finding its responses to such exposure to be subtle and 
transient. 
The present study also contributes to the limited literature regarding root-absorbed 
glyphosate. Other studies have examined the effects of root-zone glyphosate exposure 
(Pline et al. 2002, Wagner et al. 2003, Alister et al. 2005, Mateos-Naranjo & Perez-
Martin 2013, Saunders et al. 2013), but the present study is the first to examine the 
effects of documented runoff concentrations of glyphosate (Battaglin et al. 2005). Further 
study of root absorbed glyphosate would be of particular interest if conducted in a field 
soil to test the tolerance of non-target species to this understudied exposure pathway. 
Also, longer term studies are needed that address the question of multiple exposures to 
root absorbed glyphosate, a scenario that likely occurs in agricultural ditches. The need 
for such studies is highlighted by these results and the mounting evidence that, contrary 
to conventional wisdom, glyphosate is mobile in the environment where it may be 
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Chapter 5. Leaf chlorophyll content and growth in Panicum hemitomon 
(maidencane) in response to root zone glyphosate application 
Introduction 
 Drainage ditches within agricultural landscapes have been investigated in recent 
years for their potential to mitigate agri-chemicals such as pesticides and herbicides in 
runoff from fields (Cooper et al. 2002; Cooper et al. 2004; Needelman et al. 2007; 
Bennett et al. 2009; Stehle et al. 2011; Tournebize et al. 2013). These agricultural ditches 
share many characteristics in common with wetlands, including periodic inundation 
typical of wetland hydrology, hydric soils, and facultative and obligate wetland 
vegetation (Krӧger et al. 2009). These characteristics contribute to the ability of 
agricultural ditches to remove pollutants from surface waters. In their meta-analysis of 24 
studies on vegetated ditches, Stehle et al. (2011) found the percent plant coverage to be 
the second most important factor for pesticide mitigation, after the pesticide’s organic 
carbon sorption coefficient, Koc. Thus, ditch vegetation plays an important role in 
preventing pesticides from entering surface waters. 
Agricultural ditches experience different hydraulic retention times, and vegetation 
in those ditches experiences different chemical residence times (CRT). As chemicals run 
off fields into ditches, factors such as depth, vegetation type, and channel roughness 
influence flow velocity and the amount of time water remains in contact with plants 
within those ditches (Bouldin et al. 2004; Krӧger et al. 2009). Furthermore, land 
managers often use weirs or risers within ditches to increase hydraulic retention times 
(Krӧger et al. 2008).  
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Glyphosate is one of the most widely applied herbicides in the world. Its 
prevalence is due in part to glyphosate-resistant (GR) crop varieties that allow for 
multiple applications during a single growing season. Glyphosate is generally applied to 
GR crops two or three times per season (Duke et al. 2012). Glyphosate is water-soluble 
and has been detected in water in agricultural ditches following rain events (Edwards et 
al. 1980; Battaglin et al. 2005; Coupe et al. 2011). Therefore, nontarget vegetation may 
be exposed to glyphosate via the root zone following infiltration of glyphosate into the 
soil solution. 
At present, very little literature exists about the effects of root zone glyphosate 
exposure on nontarget plants (Saunders et al. 2013; Saunders and Pezeshki in press). 
Most previous studies investigating root zone glyphosate exposure have focused on the 
effects in crop species such as beets, barley, cotton, maize, and rapeseed (Fletcher et al. 
1980; Penn and Lynch 1982; Pline et al. 2002; Wagner et al 2003; Alister et al. 2005; 
Petersen et al 2007). To further advance knowledge about effects of root zone glyphosate 
exposure on nontarget species through this understudied pathway, this study investigated 
the effects of two variables, exposure duration and repeated application, on a species 
commonly found in agricultural ditches, Panicum hemitomon. Root zone glyphosate 
exposure has previously demonstrated negative effects in P. hemitomon for a range of 
concentrations, including reductions in leaf chlorophyll content (CCI) and mortality at 
high concentrations (Saunders et al. 2013). Given this, we predicted that longer exposure 
durations and greater numbers of exposures would be associated with decreased CCI, 




Materials and Methods 
Plant Material 
 Panicum hemitomon individuals were collected from wetland cells maintained at 
the USDA Jamie L. Whitten Plant Materials Center in Coffeeville, MS in June 2014. 
Upon collection, each individual was standardized to 30 cm shoot with no root and 
placed in tap water for 1 week to grow roots prior to planting. Individuals were planted in 
plastic pots (16 cm d x 16 cm h) containing washed play sand (Quikrete Company, 
Atlanta, GA, USA). Each pot was placed inside a plastic pan (20 cm x 20 cm x 3 cm) to 
keep the substrate saturated. Although sand is not a substrate representative of most field 
conditions, it was used to prevent glyphosate adsorption onto organic matter (Borggaard 
and Gimsing. 2008). Plants were watered daily with tap water and fertilized weekly with 
a 1.25 mg L-1 solution of Peter’s 20-20-20 fertilizer (Scotts MiracleGrow Company, 
Marysville, OH, USA). Plants were established for 35 days before the first glyphosate 
application. 
Experimental Procedures 
 The study was conducted in open area on the campus of University of Memphis, 
Memphis, TN. Plants were randomly assigned to one of 10 treatments. Each treatment 
consisted of a combination of exposure durations (6, 24, and 48 h) and number of 
exposures (1, 2, and 3), yielding the following combinations, plus a Control treatment 
(denoted as, “exposure duration/number of exposures”): 0/0, 6/1, 6/2, 6/3, 24/1, 24/2, 
24/3, 48/1, 48/2, and 48/3. Plants received an application of 100 mL of 10 mg L-1 
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glyphosate solution in the root zone on Day 1 (for treatments receiving 1-3 exposures), 
Day 15 (for treatments receiving 2 and 3 exposures), and Day 29 (for treatments 
receiving 3 exposures). After the appropriate exposure duration, plants were drained and 
rinsed with 500 mL of deionized water. The study was terminated on Day 59. 
Plant Measures 
Leaf chlorophyll content index (CCI) was recorded one day prior to the first 
glyphosate exposure (Day 0; one day before initiation of the experiment) and weekly 
thereafter for the duration of the experiment (Day 7, 14, 21, 28, 35, 42, 49, 56) using a 
chlorophyll content meter (CCM-200, Opti-Sciences, Tyngsboro, MA, USA). The third 
fully expanded leaf from the top of the apical stem was selected for measurement. Leaf 
and shoot number were recorded prior to harvest. Following harvest, plants were divided 
into root and shoot tissue and dried in an oven at 70°C until a constant weight was 
reached, then the dry weights were recorded. These dry weights were used to calculate 
the ratio of root biomass to shoot biomass (root-to-shoot ratio, R:S). Relative growth rate 
(RGR) was calculated using the initial biomass data obtained from 12 individuals that 
were harvested one day before treatment initiation (Day 0) according the methods of 
Radford (1967). This method of growth analysis involved the calculation of changes 
among treatments in plant mean total dry weight (W2 and W1) observed at two sampling 
periods (t2 and t1) 59 days apart, using the following equation:  





Each glyphosate exposure treatment was replicated by 11 individuals (N = 110). 
Statistical analyses were conducted using IBM SPSS Statistics for Windows, Version 
19.0 (IBM Corp., Armonk, NY). CCI measurements were analyzed using a repeated 
measures multivariate analysis of variance (MANOVA) with exposure duration and 
number of exposures as independent fixed factors. Differences in means for leaf number, 
shoot number, biomass partitions, root-to-shoot ratios, and relative growth rate were 
analyzed using a MANOVA with exposure duration and number of exposures as 
independent fixed factors. If a significant effect was found by the MANOVAs, the 
univariate tests were examined. Significant differences were followed by Tukey’s post-
hoc comparisons. Differences were considered significant at α<0.05. 
Results 
Chlorophyll Content Index 
 The MANOVA revealed a significant effect of number of exposures 
(F18,36=1.362, p<0.000) but not exposure duration, nor any interactive effects (p>0.05). 
The univariate tests showed that the number of exposures had a significant effect on Day 
7 (F2,100=7.381, p=0.001), Day 21 (F2,100=11.591, p<0.000), and Day 35 (F2,100=24.079, 
p<0.000). Tukey’ post-hocs showed that on Day 7, all treated plants showed a significant 
decrease in CCI one week after the first glyphosate exposure (Figures 1A-C; Table 1). On 
Day 21, one week after the second glyphosate exposure, the Control had greater CCI 
values than the treated plants (Figures 1B and 1C; Table 1). On Day 35, one week after 
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the third glyphosate exposure, the CCI values of treated plants was significantly 










Figure 13A. Time-course of chlorophyll content index for treatments receiving 1 
glyphosate exposure (6/1, 24/1, and 48/1) and Control (0/0). Bar represent means +/- the 
SEM for 11 individuals per treatment. Red arrow represents the timing of glyphosate 
exposure on Day 1. Lowercase letters refer to significant differences across treatments. 





























Figure 13B. Time-course of chlorophyll content index for treatments receiving 2 
glyphosate exposures (6/2, 24/2, and 48/2) and Control (0/0). Bar represent means +/- the 
SEM for 11 individuals per treatment. Red arrows represent the timing of glyphosate 
exposure on Day 1 and 15. Lowercase letters refer to significant differences across 




























Figure 13C. Time-course of chlorophyll content index for treatments receiving 3 
glyphosate exposures (6/3, 24/3, and 48/3) and Control (0/0). Bar represent means +/- the 
SEM for 11 individuals per treatment. Red arrows represent the timing of glyphosate 
exposure on Day 1, 15, and 29. Lowercase letters refer to significant differences across 
treatments. Differences considered significant at α < 0.05. 
 
Table 8. Chlorophyll content index values for each measurement day. Plants were 
exposed to glyphosate on Days 1, 15, and 29. Values are means +/- the SD for 11 
individuals per treatment. Lowercase letters refer to significant differences across 
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Morphology and Growth 
 No significant effects of number of exposures, exposure duration, or interactive 
effects were detected for the morphological parameters of leaf number and shoot number, 
or for the growth parameters of shoot biomass, root biomass, total biomass, root-to-shoot 







Table 9. Summary table of morphology and growth measurements for various treatment 
combinations at the conclusion of the study on Day 59. Values are means +/- the SD for 
11 individuals per treatment.  
 Treatments 
Measurement 0/0 6/1 6/2 6/3 24/1 24/2 24/3 48/1 48/2 48/3 


































































































































































































































 Our prediction that longer exposure durations and greater numbers of exposures 
would be associated with decreased CCI, differences in morphology, and reductions in 
growth was partially supported by our data. Differences in leaf chlorophyll content, as 
represented by CCI, were detected among treatments, but not for growth and 
morphology. The differences in CCI were associated with exposure number and not 
exposure duration.  
 The reduction of CCI one week following glyphosate exposure was followed by 
recovery two weeks after exposure (Figures 1A-C; Table 1). This pattern was consistent 
across all three glyphosate exposures and was independent of exposure duration. This 
pattern of reduction and recovery of CCI is a novel finding.  
The biochemical cascade that follows glyphosate exposure eventually results in 
reduction of chlorophyll content, among other adverse effects (Hoagland and Duke 
1982). Work with GR and non-GR soybean (Glycine max) have also demonstrated 
reductions in leaf chlorophyll content for foliar exposure (Kitchen et al. 1981; Reddy et 
al. 2001; Zobiole et al. 2011). Previous work with P. hemitomon also found a decrease in 
CCI one week after root zone glyphosate exposure of the same concentration (Saunders 
et al. 2013) but evidence of recovery of CCI was not explored. In that study, P. 
hemitomon had 100% survival at 10 mg L-1 and no significant effects on root-to-shoot 
ratios (Saunders et al. 2013). 
 Interestingly, the reductions in CCI found in the present study did not lead to any 
adverse effects on growth parameters. The lack of adverse effect on growth may be 
influenced by the speed of recovery, which decreases the amount of time spent in 
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suboptimal condition. A few days of reduction in leaf chlorophyll content followed by 
rapid recovery apparently prevented any manifestation of decreased biomass for plants 
grown for 59 days. A lack of effects for repeated applications of root-zone glyphosate on 
growth indicates that such exposures have a limited long-term impact. 
 The lack of growth effects for this species by runoff concentrations of glyphosate 
is an important finding. These results show that, while root zone glyphosate exposure 
does adversely affect the physiology of P. hemitomon, these effects are transient and do 
not affect growth in this species. Furthermore, the concentration tested in this study is 
environmentally relevant given that concentrations of glyphosate of the same magnitude 
tested (5.2 mg L-1) have been detected in agricultural ditches (Edwards et al. 1980). 
Species composition within agricultural ditches influences the mitigation potential of 
agricultural ditches (Pierce and Pezeshki 2010). The work of Lin et al. (2011) 
demonstrated that multispecies vegetated buffers were effective in removing up to 71% 
of glyphosate during simulated rainfall events. Because of its resilience to 
environmentally-relevant concentrations of root zone glyphosate exposure, P. hemitomon 
is a good choice for establishment in vegetated buffer strips for land managers wishing to 
ameliorate glyphosate runoff from fields into agricultural ditches.    
 Future research directions should explore the effects of environmentally relevant 
concentrations of root zone glyphosate exposure on other nontarget species. Saunders et 
al. (2013) showed that Polygonum hydropiperoides was more sensitive than P. 
hemitomon to root zone glyphosate exposure, indicating that species-specific sensitivities 
exist. The most effective vegetated agricultural ditches would be those with species found 
to be tolerant to root zone glyphosate exposure. Designs that employ multispecies 
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mesocosms are of particular interest for establishing what species would best tolerate root 
zone glyphosate exposure. Finally, further tests of P. hemitomon and other species in a 
variety of soil textures would be valuable to land managers trying to implement best 
management strategies to reduce glyphosate transport in surface waters. 
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Chapter 6. Morphological differences in response to physiological integration and 
spatial heterogeneity of root zone glyphosate exposure in connected ramets of 
Lugwigia peploides (creeping water primrose) 
Introduction 
Clonal plants reproduce vegetatively by modular development, a process of 
producing repeating identical developmental units. One genetically distinct individual 
(mother genet) may give rise to many identical, connected units (daughter ramets) which 
may be repeated over many generations. Daughter ramets may remain physically 
connected by rhizomes or stolons, or the connection between mother and daughter may 
be severed, allowing a single ramet to persist as a physiologically distinct, genetically 
identical individual. Ramets that remain connected are able to share resources through 
physical integration. This ability allows such plants to colonize habitats where resources 
may be patchy (de Kroon and van Groenendael 1997). 
Physiological integration involves costs and benefits. Benefits include the ability 
to reciprocally share water, photoassimilates, and nutrients among ramets (Alpert and 
Mooney 1986; Stuefer and Hutchings 1994; Alpert 1996; Liu et al. 2007), to forage and 
exploit patchy resources (de Kroon and Knops 1990; de Kroon and Hutchings 1995; 
Evans and Cain 1995; Poor et al. 2005; Zhang et al. 2008), and to mitigate environmental 
stresses (Salzman and Parker 1985; Hester et al. 1994; Pennings and Callaway 2000; 
Roiloa and Retuerto 2006; Li et al. 2011; Roiloa et al. 2014), thereby improving growth 
and survival (Kirby 1980; Evans and Whitney 1992; Peltzer 2002; Yu et al. 2004; Roiloa 
and Retuerto 2006; Kui et al. 2013). Important costs include energetically intensive 
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investment in and maintenance of ramet connections (Jónsdóttir and Watson 1997), while 
potential costs may be incurred by exposure to and/or spread of pathogens (Frantzen 
1994; D’hertefeldt and van der Putten 1998; Stuferer et al. 2004) and toxins (Outridge 
and Hutchinson 1990; Roiloa and Retuerto 2006; Guo and Hu 2012). 
Ludwigia peploides is a semi-aquatic clonal plant commonly found in agricultural 
receiving waters that has been evaluated for its responses to a variety of herbicides 
(Bayer and Rejmánková 1990; Bouldin et al. 2006; Saunders and Pezeshki in press). L. 
peploides is a creeping emergent macrophyte that is aggressive outside of its native range 
(Rejmánková 1992; Dandelot et al. 2005; Hussner 2010; Gérard et al. 2014). L. peploides 
has an amphibious nature allowing it to colonize aquatic and moist terrestrial habitats that 
may experience drying and is characterized by rapid growth and spreading through 
fragmentation. These qualities along with the ability to spread shoots laterally along the 
water surface may lead to the formation of dense floating mats (Rejmánková 1992; 
Dandelot et al. 2005; Gérard et al. 2014). Furthermore, L. peploides has an interesting 
adaptation to anoxic soils: root dimorphism that produces negatively geotropic spongy 
roots at the water surface, allowing for gas-exchange to ramets rooted in oxygen-depleted 
soils (Ellmore 1981).  
L. peploides was chosen for study of the effects of physiological integration and 
spatial heterogeneity as related to exposure to glyphosate in the root zone. Glyphosate, 
one of the world’s most commonly applied herbicides, is water-soluble and has been 
shown to run off from fields into agricultural ditches (Edwards et al. 1980; Geisy et al. 
2000). Given the growth habit of L. peploides and its presence in agricultural ditches, we 
investigated a scenario in which some ramets were exposed to glyphosate runoff in the 
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root zone while other ramets were not. To explore this scenario, we proposed the 
following questions: (1) Does root zone glyphosate exposure to one of a pair of 
connected ramets affect: (1) the exposed ramet? (2)  the unexposed ramet?; (3) are the 
effects of root zone glyphosate exposure to one of a pair of connected ramets affected by 
ramet root density?  The present study addressed these questions by planting connected 
ramets in separate pots then exposing one ramet to root zone glyphosate followed by 
quantifying the ramets’ responses. 
 
Materials and Methods 
Plant Material 
Ludwigia peploides individuals were harvested from bio-retention ponds at 
Shelby Farms, Memphis, Tennessee (N 35°07’07.0”, W 89°48’16.0”). Individuals were 
standardized to a 30 cm rhizome and each end was planted into separate PVC pots (20 cm 
h x 5 cm d) containing washed play sand (Quikrete Company, Atlanta, GA, USA). While 
not representative of most field conditions, sand was used as the growth medium to limit 
adsorption of glyphosate on organic matter (Borggaard and Gimsing 2008). The rhizome 
end (ramet) corresponding to the apical meristem of the plant (Daughter ramet) had a 
significantly lower root density compared to the ramet corresponding to the plant root 
(Mother ramet) (F3,32 = 23.125, p<0.000). Daughter ramets corresponding to the apical 
meristem of the plant will be referred to as having low root density (LRD), while Mother 




Experimental Procedures  
Connected, paired ramets were randomly assigned to one of three glyphosate 
treatments, a) a High Root Density treatment in which the root zone of the HRD (Mother) 
ramet received a single exposure of 10 mg L-1 glyphosate, b) a Low Root Density 
treatment in which the root zone of the LRD (Daughter) ramet received a single exposure 
of 10 mg L-1 glyphosate, and c) a Control treatment in which neither the HRD or LRD 
ramet received glyphosate exposure (Figure 1). Different ramets with different root 
densities being exposed or not exposed to glyphosate yielded six combinations, denoted 
as “ramet, glyphosate group,” (1) Mother Control, (2) Daughter Control, (3) Mother 





Figure 14. Experimental set up. Each treatment was replicated by 14 connected, paired 








The study was conducted in a climate-controlled (18-24°C) laboratory at the 
University of Memphis in Memphis, Tennessee, USA. The laboratory is equipped with 
supplemental lighting on a 16 h photoperiod, illuminated by four 400 W high pressure 
sodium and four 400 W metal halide lamps in water-cooled ballasts, providing 
approximately 1,000 µmol m−2 s−1 photosynthetic photon flux density at the leaf canopy 
level. Plants were watered daily with tap water and received weekly fertilizer applications 
at a rate of 100 mL of 1.25 g L−1 20-20-20 Peter’s fertilizer (Scotts MiracleGrow 
Company, Marysville, OH, USA). Glyphosate exposure treatments were initiated 30 d 
after planting to allow for root growth, and the study was terminated 35 d after 
glyphosate exposure.  
Glyphosate exposure solutions were prepared using deionized water and the 
commercial product Roundup ProDry (EPA Registration No. 524-505) which contains 
71.4% glyphosate in the form of an ammonium salt of N-(phosphonomethyl)glycine and 
28.6% other ingredients (Monsanto Company, St. Louis, MO, USA). During exposure, 
100 mL of 10 mg L-1 glyphosate solution was introduced to the top of the substrate and 
allowed to infiltrate for two hours, after which the substrate was rinsed with 500 mL 
deionized water.  
The application rate of 10 mg L-1 glyphosate was chosen as a sublethal 
environmentally relevant concentration. The TerrPlant Version 1.2.2 model from the 
USEPA was used to calculate the Expected Environmental Concentration (EEC) for 
glyphosate. This model incorporates estimates of drift and runoff for a given application 
method along with the maximum application rate of the pesticide for an estimate of a 
single exposure to non-target terrestrial plants. The model produced an EEC estimate of 
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4.7 lbs/acre for glyphosate (USEPA 2012). This EEC corresponds to a maximum 
application rate of a 10% v/v preparation of the commercial product, which instructs the 
mixing of 12 lb commercial product with 25 gallons of water. Given these parameters, 
the aqueous EEC was calculated as 22.5 g L-1 glyphosate. However, the highest recorded 
concentration in the literature of glyphosate in runoff is 5.2 mg L-1 (Edwards et al. 1980). 
The 10 mg L-1 glyphosate root zone exposure has been demonstrated in previous work to 
cause subtle physiological effects in this species (Saunders and Pezeshki in press) and 
was chosen as the exposure concentration for this study.     
Plant Measurements – Morphology and Growth 
At the conclusion of the study, morphological parameters were quantified, 
including leaf number, shoot number, and leaves per shoot. Growth parameters were 
calculated following harvest, in which plants were divided into root and shoot tissue and 
dried in an oven at 70 °C until a constant weight was reached, then the dry weights were 
recorded. These dry weights were used to calculate the ratio of root biomass to shoot 
biomass (root-to-shoot ratio, R:S). Relative growth rate (RGR) was calculated using the 
initial biomass data obtained from nine individuals that were harvested one day before 
treatment initiation according the methods of Radford (1967). This method of growth 
analysis involved the calculation of changes among treatments in plant mean total dry 
weight (W2 and W1) observed at two sampling periods (t2 and t1) 35 days apart, using 
the following equation:  




Each glyphosate exposure treatment was replicated by 14 connected, paired 
ramets (N = 42). Statistical analyses were conducted using IBM SPSS Statistics for 
Windows, Version 19.0 (IBM Corp., Armonk, NY). Differences in means for leaf 
number, shoot number, leaves per shoot, biomass partitions, root-to-shoot ratios, and 
relative growth rate were analyzed using a repeated measures multivariate analysis of 
variance (MANOVA) with two levels of ramet (Mother/Daughter) as the within-subjects 
factor and three levels of glyphosate treatment (Control, LRD, HRD) as the between-
subjects factor. If a significant effect was found by the MANOVA, the univariate tests 
were examined. Initial biomass was analyzed with a one-way ANOVA with biomass 
partition as the fixed factor. Significant differences were followed by Tukey’s post-hoc 
comparisons (for k>2) or Student’s t-test (for k=2). Differences were considered 
significant at α<0.05. 
 
Results 
The repeated measures MANOVA revealed a significant multivariate effect for 
between-subjects across glyphosate group regardless of ramet (Hotelling’s Trace=0.474, 
F8,70=2.073, p=0.050), a significant multivariate effect for within-subjects between ramets 
regardless of glyphosate group (Hotelling’s Trace=2.604, F4,36=23.438, p=0.000), and a 
significant multivariate effect across the interaction between ramet and glyphosate group 
(Hotelling’s Trace=1.467, F8,70=6.419, p=0.000). Given the significance of the overall 





Leaf number showed a significant effect of the interaction of root density and 
glyphosate treatment (F2,39=16.833, p<0.000) and a significant effect of root density 
(F1,39=6.882, p<0.012). Overall, Daughter ramets (29.2 +/- 19.7 leaves) had a greater 
number of leaves than Mother ramets (17.5 +/- 19.7 leaves). Comparing Daughter ramets 
across glyphosate treatment, the LRD treatment (14.5 +/- 16.2 leaves) had significantly 
fewer leaves than the Control treatment (35.9 +/- 39.3 leaves) and the HRD treatment 
(37.1 +/- 15.8 leaves) (F2,39=3.302, p=0.047). Conversely, when comparing Mother 
ramets across glyphosate groups, the LRD treatment (35.4 +/- 16.7 leaves) had a 
significantly greater number of leaves than the Control treatment (4.9 +/- 7.3 leaves) and 















Figure 15. Mean leaf number per plant. Bars represent means +/- the standard error for 14 
individuals. Lowercase letters refer to significant differences across treatments for 
Daughter ramets, while uppercase letters refer to significant differences across treatments 
for Mother ramets, according to Tukey’s post hocs. Differences considered significant at 






























Table 10. Summary table of measurements for 42 individuals across the combinations of 
glyphosate treatment and root density (ramet). Values are means +/- the standard 
deviation. Lowercase letters refer to significant differences across treatments according to 




Ramet Variable Control Low Root Density High Root Density 
Daughter 
Leaf Number 35.9 +/- 39.3a 14.5 +/- 16.2b 37.1 +/- 15.8a 
Shoot Number 2.5 +/- 2.0 1.6 +/- 1.4 2.6 +/- 1.3 
Leaves Per Shoot 10.2 +/- 6.7a,b 7.6 +/- 7.3a 15.0 +/- 4.6b 
Root Biomass (g) 0.08 +/- 0.04 0.08 +/- 0.06 0.08 +/- 0.04 
Shoot Biomass (g) 0.38 +/- 0.11 0.44 +/- 0.12 0.41 +/- 0.24 
Total Biomass (g) 0.46 +/- 0.11 0.52 +/- 0.14 0.48 +/- 0.25 
R:S 0.23 +/- 0.14 0.18 +/- 0.16 0.24 +/- 0.17 
RGR (g g-1 d-1) 0.006 +/- 0.005 0.006 +/- 0.004 0.012 +/- 0.008 
Mother 
Leaf Number 4.9 +/- 7.3a 39.4 +/- 16.7b 8.2 +/- 10.6a 
Shoot Number 0.5 +/- 0.7a 3.0 +/- 1.5b 0.9 +/- 1.2a 
Leaves Per Shoot 3.1 +/- 4.6a 14.1 +/- 4.4b 4.0 +/- 5.0a 
Root Biomass (g) 0.28 +/- 0.11 0.34 +/- 0.19 0.27 +/- 0.12 
Shoot Biomass (g) 0.37 +/- 0.06 0.36 +/- 0.09 0.42 +/- 0.17 
Total Biomass (g) 0.65 +/- 0.16 0.70 +/- 0.24 0.69 +/- 0.27 
R:S 0.74 +/- 0.25 0.97 +/- 0.54 0.67 +/- 0.21 






Table 11. Summary table of measurements for 42 individuals across glyphosate 
treatment. Values are means +/- the standard deviation. Lowercase letters refer to 
significant differences across glyphosate treatments according to Tukey’ post hocs. 
Differences considered significant at α < 0.05. 
 
Treatment 
Variable Control Low Root Density High Root Density 
Leaf Number 20.4 +/- 31.9 26.9 +/- 20.5 22.7 +/- 19.8 
Shoot Number 1.5 +/- 1.7 2.3 +/- 1.6 1.8 +/- 1.5 
Leaves Per Shoot 6.6 +/- 6.7 10.8 +/- 6.8 9.5 +/- 7.3 
Root Biomass (g) 0.18 +/- 0.13 0.21 +/- 0.19 0.17 +/- 0.13 
Shoot Biomass (g) 0.37 +/- 0.09 0.40 +/- 0.11 0.41 +/- 0.21 
Total Biomass (g) 0.55 +/- 0.17 0.61 +/- 0.21 0.59 +/- 0.27 
R:S 0.49 +/- 0.33 0.57 +/- 0.56 0.45 +/- 0.29 









Table 12. Summary table of measurements for 42 individuals between root densities 
(ramet). Values are means +/- the standard deviation. Lowercase letters refer to 
significant differences between ramets according to Student’s t-test. Differences 
considered significant at α < 0.05. 
 
Ramet 
Variable Daughter Mother 
Leaf Number 29.2 +/- 27.6 17.5 +/- 19.7 
Shoot Number 2.2 +/- 1.6 1.5 +/- 1.6 
Leaves Per Shoot 10.9 +/- 6.9 7.0 +/- 6.8 
Root Biomass (g) 0.08 +/- 0.05a 0.30 +/- 0.15b 
Shoot Biomass (g) 0.41 +/- 0.17 0.38 +/- 0.12 
Total Biomass (g) 0.49 +/- 0.17a 0.67 +/- 0.22b 
R:S 0.22 +/- 0.16 0.79 +/- 0.38 









Shoot number also showed a significant interactive effect of root density and 
glyphosate treatment (F2,39=12.877, p<0.000) and a significant root density effect 
(F1,39=5.924, p=0.020). Shoot number displayed a similar pattern as leaf number. 
Daughter ramets (2.2 +/- 1.6 shoots) had a greater number of shoots than Mother ramets 
(1.5 +/- 1.5 shoots). Daughter ramets were not affected by glyphosate treatment 
(F2,39=1.728, p=0.191), however, the LRD treatment had fewer shoots (1.6 +/- 1.4 shoots) 
as compared to the Control and HRD treatments (2.5 +/- 2.0 shoots and 2.6 +/- 1.3 
shoots, respectively). Mother ramets were significantly affected by glyphosate treatment 
(F2,39=17.930, p<0.000). Again, the LRD treatment had a greater number of shoots (3.0 
+/- 1.5 shoots) as compared to the Control and HRD treatments (0.5 +/- 0.7 shoots and 







Figure 16. Mean shoot number per plant. Bars represent means +/- the standard error for 
14 individuals. Lowercase letters refer to a lack of significant differences across 
treatments for Daughter ramets, while uppercase letters refer to significant differences 
across treatments for Mother ramets, according to Tukey’s post hocs. Differences 
considered significant at α < 0.05.  
Leaves Per Shoot 
The number of leaves per shoot showed a significant effect of the interaction of 
root density and glyphosate treatment (F2,39=21.338, p<0.000) as well as a significant root 
density effect (F1,39=11.421, p=0.002). Across treatments, Daughter ramets had a greater 
number of leaves per shoot (10.9 +/- 6.9 leaves per shoot) than Mother ramets (7.0 +/- 6.8 
leaves per shoot). Among Daughter ramets, a significant treatment effect was found 
(F2,39=5.026; p=0.011), with the HRD treatment had a greater number of leaves per shoot 


























shoot), while the Control treatment has similar to both the HRD and LRD treatments 
(10.2 +/- 6.7 leaves per shoot). Comparing across treatments for Mother ramets, the LRD 
treatment had a greater number of leaves per shoot (14.1 +/- 4.4 leaves per shoot) as 
compared to the Control and HRD treatments (3.1 +/- 4.6 and 4.0 +/- 5.0 leaves per 




Figure 17. Mean leaves per shoot per plant. Bars represent means +/- the standard error 
for 14 individuals. Lowercase letters refer to significant differences across treatments for 
Daughter ramets, while uppercase letters refer to significant differences across treatments 
for Mother ramets, according to Tukey’s post hocs. Differences considered significant at 































The initial biomass of plant partitions harvested for calculation of relative growth 
rate differed significantly (F3,39 = 23.125, p<0.000). The root biomass of Daughter ramets 
(0.13 +/- 0.02 g) was less than the biomass of Daughter ramet shoots (0.37 +/- 0.02 g), 
Mother ramet roots (0.34 +/- 0.03 g), and Mother ramet shoots (0.41 +/- 0.04 g) (Figure 
5). This difference in root biomass was the basis for considering root density in the 
effects of root zone glyphosate exposure. 
 
 
Figure 18. Initial biomass measurements divided into partitions. Bars represent means +/- 
the standard error for nine individuals. Lowercase letters refer to significant differences 


























Shoot biomass, root biomass, and total biomass were not affected by the 
interaction of root density and glyphosate treatment (p>0.05). Root biomass and total 
biomass were affected by root density (F1,39= 78.469, p<0.000 and F1,39 = 36.577, 
p<0.000, respectively) while shoot biomass was not affected (F1,39=1.946, p=0.171). The 
root biomass of Mother ramets (0.23 +/- 0.15 g) was greater than Daughter ramet root 
biomass (0.08 +/- 0.05 g). Likewise, the total biomass of Mother ramets (0.61 +/- 0.22 g) 
was greater than Daughter ramet total biomass (0.49 +/- 0.17 g) (Figure 6, Table 1-3). 
 
Figure 19. Final biomass measurements for Daughter and Mother ramets. Bars represents 
means +/- the standard error for 42 individuals. Uppercase letters refer to significant 
differences between ramets for total biomass. Lowercase letters refer to significant 

























Root-to-shoot ratios were not significantly affected by the interaction of root 
density and glyphosate treatment (F2,39=2.950, p=0.064), while a significant effect of root 
density was found (F1,39=82.458, p<0.000). As seen with biomass, Mother ramets (0.79 
+/- 0.38), had a greater root-to-shoot ratio as compared to Daughter ramets (0.22 +/- 
0.16) (Figure 7, Table 1-3).  
 
 
Figure 20. Root-to-shoot ratios for Daughter and Mother ramets. Bars represent means 
+/- the standard error for 42 individuals. Lowercase letters refer to significant differences 


















Relative Growth Rate 
Relative growth rate was not affected by interaction of root density and 
glyphosate treatment nor by root density (p>0.05). However, RGR was affected by 
glyphosate treatment (F2,78=3.976, p=0.022). RGR of Daughter ramets (0.008 +/- 0.007 g 
g-1 d-1) and RGR of Mother ramets (0.008 +/- 0.006 g g-1 d-1) were nearly equal. The 
HRD treatment had a significantly greater RGR (0.011 +/- 0.008 g g-1 d-1) than the 
Control treatment (0.007 +/- 0.005 g g-1 d-1) or the LRD treatment (0.007 +/- 0.004 g g-1 
d-1) (Figure 8, Table 1-3). 
 
 
Figure 21. Relative growth rate for glyphosate treatments. Bars represent means +/- the 
standard error for 14 individuals. Lowercase letters refer to significant differences across 



























Application of glyphosate to the root zone of Daughter ramets (LRD treatment) 
changed the morphology of both Daughter and Mother ramets of exposed individuals. 
LRD treatment plants showed an inverse relationship compared to HRD and Control 
plants, with Mother ramets producing more leaves and shoots than Daughter ramets 
(Figure 2 and 3). In the HRD and Control treatments, Daughter ramets produced more 
leaves and shoots. LRD plants had Daughter ramets that were morphologically more 
similar in terms of number of leaves and shoots to Mother ramets of Control and HRD 
plants. Likewise, LRD Mother ramets were morphologically more similar to Daughter 
ramets of Control and HRD plants, having similar numbers of leaves and shoots. Plants 
exposed to glyphosate in the root zone of Mother ramets (HRD treatment) were 
morphologically nearly identical to unexposed Control individuals. 
The morphological differences in the LRD treatment did not manifest as 
differences in biomass across treatments, however. No treatment effect was found for 
root biomass, shoot biomass, total biomass, or root-to-shoot ratios. Final biomass 
measurements revealed that the initial biomass differences were maintained throughout 
the study. Shoot biomass was the same for Mother and Daughter ramets both before and 
after the study. Also, Daughter ramets had less pre- and post-study root biomass and, 
consequently, less total biomass than Mother ramets. 
The differences in Mother and Daughter root and total biomass taken together 
with the higher relative growth rate for HRD individuals suggests that, when Mother 
ramets with a higher root density than Daugher ramets are exposed to root-zone 
glyphosate, the exposed plants respond by increasing allocation to leaves and shoots for 
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the exposed Mother ramets. The lack of treatment difference in RGR along with biomass 
differences in Mother and Daughter ramets for LRD plants suggests that low root density 
Daughter ramets may have a mechanism to ameliorate the overall effects of glyphosate 
exposure, such as differential transport of glyphosate between ramets. 
Glyphosate may be translocated through either acropetal or basipetal transport, 
moving toward metabolic sinks in both foliar and root exposures (Dewey 1981; Duke 
1988; Wagner et al. 2003). In foliar exposures, glyphosate is transported in the phloem 
via the symplast, while glyphosate applied to roots is absorbed and transported by xylem 
(Clua et al. 2012). The high root biomass associated with Mother ramets are sinks 
towards which glyphosate would travel. Glyphosate applied to the roots of Mother ramets 
in the HRD treatment may have stayed localized in the high density root tissue. 
Conversely, glyphosate applied to the roots of Daughter ramets in the LRD treatment 
may have been transported throughout the ramets while traveling toward the Mother 
roots. The lack of morphological differences in the HRD treatment suggest that, if 
glyphosate localized in roots of Mother ramets, these exposed individuals were able to 
successfully compensate for this stressor without any evidence of treatment effects, e.g. 
changes in morphology. The pattern of opposite allocation in leaves and shoots between 
Mother and Daughter ramets in the LRD treatment compared to the Control and HRD 
treatments may be interpreted as a hormesis response. 
Glyphosate is one of a number of herbicides that have demonstrated hormesis 
under different experimental conditions. Hormesis refers to a stimulatory effect of some 
toxins at low doses (Belz et al. 2011). Wagner et al. (2003) found a hormesis effect in 
their work with root absorbed glyphosate in corn seedlings in which fresh weights were 
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significantly greater for plants that had absorbed 0.6 µg of glyphosate. Work by Velini et 
al. (2008) with several species demonstrated a hormesis effect for a range of sublethal 
glyphosate concentrations. These studies found stimulatory effects on different plant 
organs in several species. For example, roots of soybean and maize were not affected by 
sublethal glyphosate exposure, whereas the roots of exposed Commenlina benghalensis, 
Eucalyptus grandis, and Pinus caribea showed significant increases over control. 
Furthermore, all species evaluated in this study showed increased shoot biomass over 
unexposed controls. Thus, patterns of hormesis effects vary among species. Studies of the 
coffee plant also demonstrated a hormesis effect for aerial plant parts (Carvalho et al. 
2013). These studies are consistent with our data, in that the hormetic effect was seen 
only in leaves and shoots, not in roots.   
The hormetic effect has been shown to be transitory, with short-term biomass 
increases in barley failing to lead to significant differences in harvest biomass 
(Cedergreen 2008). The latter data finding a lack of exposure effects on growth are 
supported by the present study. Mechanisms for glyphosate-induced hormesis are 
unknown, however, overcompensation is often proposed in the hormesis literature. 
Overcompensation refers to the induction of general health-promoting enzyme systems in 
response to minimal stressors disrupting homeostasis (Belz and Duke 2014).  
Our findings contradict those of Savini et al. (2008) who found no effect on the 
connected, unexposed ramet in strawberry plants exposed to foliar glyphosate application 
suggesting a lack of translocation of glyphosate following exposure. Indeed, the high 
mortality seen in exposed ramets suggests that the glyphosate concentration used (25 mL 
L-1) was lethal rather than sublethal. Glyphosate translocation is known to be self-limiting 
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from the site of applications at higher concentrations due to impairment of photosynthesis 
and sucrose metabolism (Geiger et al. 1999). Thus, the lack of glyphosate effects seen in 
unexposed strawberry ramets may be attributed to the lethal concentration used.        
It may be concluded from this study that root zone glyphosate exposure to one of 
a pair of connected ramets may induce morphological changes by increasing numbers of 
leaves and shoots in Mother ramets connected to roots of exposed Daughter ramets. 
These changes in morphology, i.e., numbers of leaves and shoots, were not generally 
correlated to growth parameters except for RGR. This study demonstrated that glyphosate 
exposed Mother ramets with high root density were able to compensate for the effects of 
such exposure without affecting growth or morphology. In contrast, glyphosate exposure 
to Daughter ramets may have led to translocation of glyphosate throughout the plant 
toward the metabolic sink of the Mother ramet roots. This potential translocation may 
have induced a hormesis effect noted for exposed ramets, displaying the observed 
changes in their patterns of leaf and shoot production. These findings provide new 
insights into the potential effects of spatial heterogeneity and physiological integration on 
plant stress responses.  
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Chapter 7. Summary Conclusions 
 Root zone glyphosate exposure was found to adversely affect nontarget plants 
commonly found in agricultural ditches under a range of conditions. Chapter 2 and 3 
described the effects of root zone glyphosate exposure over a wide range of 
concentrations and showed, through various endpoints, dose-dependent adverse effects 
on physiology and growth of exposed plants. Chapter 4 described the effects of two 
important variables related to glyphosate exposure, exposure duration and repeated 
applications, and demonstrated that repeated applications of root zone glyphosate 
affected the physiology of plants but not growth, and exposure duration did not affect 
plants at all. Chapter 5 described the effects of physiological integration and spatial 
heterogeneity of root zone glyphosate exposure and how such exposure depended on the 
root density of the exposed ramet and could alter the morphology of plants with exposed 
low root density ramets. These are novel findings previously undescribed in the literature. 
 In addition to their scientific interest, these findings have practical applications of 
land managers seeking to ameliorate the effects of glyphosate runoff. Employing 
vegetated buffer strips, allowing ditch vegetation to persist, and promoting the growth of 
glyphosate tolerant species are ways in which land managers can apply these findings. In 
addition, the findings promote an increased awareness that adverse effects do in fact exist 
for glyphosate runoff, contrary to conventional wisdom.  
 Transition away from glyphosate and glyphosate-resistant cropping systems are 
unlikely in the future. The most recent statistics for the United States show that, in 2014, 
94% of soybeans, 91% of cotton, and 89% of corn acreage was planted with herbicide-
tolerant crop varieties. Those herbicide-tolerant crops receive herbicides other than 
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glyphosate, but glyphosate-resistance was the first among herbicide-tolerant crop 
technology. A host of concerns regarding glyphosate use exist beyond the scope of this 
dissertation, the most relevant of which is increased selection pressure by glyphosate to 
shift weed populations or produce glyphosate-resistant weeds. These are important 
societal issues for which the costs and benefits of such widespread use of glyphosate 
should be assessed. 
      The work advancing agricultural ditch management into the realm of wetland 
ecology is very encouraging. Wetland ecologists, land managers, and other practitioners 
can work together to discover and implement new strategies to best reduce loads of 
herbicides, pesticides, and excess nutrients in surface waters. While rates of wetland loss 
have decreased over recent years, there is still an important role for vegetated agricultural 
ditches to play in the removal agrochemicals from surface waters.  
 
